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Dear Sir: 

1. I, Denis-Claude Roy, M.D., Ph.D., F.R.C.P., am the Director of the 
Research Centre of the Hospital Maisonneuve-Rosemont in Montreal, 
Canada and the Director of the Cellular Therapy Research Laboratory of 
the Hospital. 

2. My main research topics for the last 20 years have been the 
immunobiology of human leukemia and lymphoma stem cells, allogeneic 
and autologous stem cell transplantation, and engineering of 
hematopoietic cell grafts including immunotherapy and stem cell 
expansion. I have published more than 50 articles on these topics. Please 
find enclosed a copy of my resume. 
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Long Felt Need 

3. Patients in need for hematopoietic stem cells (HSCs) transplantation 
include patients with blood cancer including leukemia, lymphoma or 
myeloma. Patients with certain forms of solid cancers may also benefit 
from HSCs transplantation including those having testicular andrenal 
cancer, and some non-malignant disorders, such as aplastic anemia and 
inherited disorders, such as thalassemia and sickle cell anemia. 

4. According to the World Health Organization, more than 4 million people 
were diagnosed with cancer in Western Europe and North America. The 
number of patients having blood cancer was about 265,000 in 2007. Half 
of these patients die annually, the majority of them could have been 
considered for an HSC transplantation. 

5. Typically, about 25% of patients in need for HSCs transplantation find a 
donor amongst HLA matched siblings. Another 25% find a HLA matched 
unrelated donor, The remaining 50% do not find an HLA matched donor, 
are generally not grafted and die. 

6. Current options outside of HLA matched grafts (related or unrelated) are 
transplantation of umbilical cord blood isolated stem cells or 
transplantation of mismatched grafts (grafts from HLA mismatched 
donors). The first option has very limited use because the number of 
HSCs in one cord is insufficient for one transplantation: it is believed that 
blood from about two-three cords would generally be required for most 
patients. Combining the blood from more than one umbilical cord is an 
experimental procedure that is costly and that raises a number of 
biological concerns. The second option has limited applicability because it 
necessitates the collection of very high numbers of stem cells. Not all 
donors mobilize sufficient numbers of HSCs in their peripheral blood to 
proceed to such a transplant. Even when it is possible to obtain sufficient 
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numbers of HSCs, several collections are necessary and it would be 
extremely useful to identify a strategy to expand the number of HSCs ex 
vivo, in order to facilitate such transplants, 

7. A method for expanding HSCs would save the lives of many patients who 
currently do not have access to HLA matched grafts. It would also 
facilitate sample collection for transplantation in HLA matched grafts. 

8. Providing grafts for patients without HLA matched donors: A method for 
expanding HSCs could generate a sufficient amount of HSCs for 
transplantation from a single umbilical cord blood sample. Similarly, he 
method could be applied on HLA-mismatched grafts to enrich the samples 
in HSCs. Such a method would therefore significantly increase the 
number of patients who have access to HSC transplantation and has the 
potential of saving the lives of many of these patients. 

9. Facilitating sample collection from HLA matched donors . Samples used 
for transplantation can be obtained from two different sources: 1 ) Bone 
marrow samples: such samples can be obtained with a needle biopsy 
typically on the back of the pelvis. Because this requires surgery, it is not 
the preferred method; 2) Mobilized peripheral blood cells (MPBC): After 
the donor has received a drug inducing bone marrow cells to migrate into 
blood, their blood sample is obtained and stem cells are recovered from 
the sample. The procedure is repeated until a sufficient amount of 
progenitor cells is obtained. 

10. A method of expanding HMCs could thus be applied on the MPBCs 
samples and reduce the number of sample collections or the amount cells 
needed to obtain a sufficient amount of stem cells. 

11. A method of expanding HSCs could also have other applications. It could 
be used to expand HSCs in manipulated grafts for instance. Bone marrow 
and peripheral blood cells samples can be collected from cancer patients 
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and reintroduced into them after having been treated with chemotherapy 
or antibodies and magnetic beads, for example, to remove tumor cells 
present in the sample. As mentioned above, chemotherapy and other cell 
manipulation strategies also lead to the loss of stem cells. Hence a 
method of expanding HSCs could advantageously be applied to the 
sample after tumor removal. 

12. HSCs have also been used to repair damaged tissues such as heart, 
neurologic tissue, cartilage, etc. For example, HSC have been injected 
either into coronaries or heart muscle of patients that had suffered a heart 
attack. The injection of such cells has lead to improved heart function. The 
problem with these approaches is to obtain sufficient numbers of HSCs. 
Currently, HSCs are obtained from the bone marrow cells after repeated 
punctures into the pelvic bone. The present strategy of HSC expansion 
would enable to limit the number of bone marrow punctures, thus 
obviating the need for extensive anesthesia. Alternatively, HSCs could be 
obtained from the peripheral blood, where they are circulating in low 
numbers, and expanded ex vivo, a procedure that could eliminate the 
need for bone marrow puncture. The expanded HSCs could then be used 
to repair damaged tissues. 

13. Finally, HSCs also have the ability to improve engraftment of solid organs 
(kidney, and potentially heart, liver and pancreas). Expansion of HSCs 
from solid organ donors and the injection of these cells concomitantly with 
the transplanted organ has the potential to facilitate acceptance of the 
organ by the patient. 

14. Despite the urgent need for a method of expanding HSCs, there is still 
currently no approved method for a safe and efficient expansion of HSCs 
for use in stem cells transplantation. 
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15. 1 have been working with HOXB4 since at least as early as 2003. The first 
technique using HOXB4 tested to induce HSC expansion was a 
transfection of HSCs with a H0XB4 cDNA construct. 

16. This method however possesses significant drawbacks that could hamper 
its clinical use. 

17. Insertional mutagenesis in particular has been a long-term concern 
specifically in the context of gene therapy and HSC manipulation. It is a 
mutagenesis of DNA by the insertion of one or more bases in the genome 
of the host bone marrow cell. It can lead to leukemia. 

IB.The leukemogenic potential of HOXs delivered stably by gene transfer 
has been documented. In particular, evidence of leukemogenic potential 
in large animal models such as dog and monkey has been most recently 
evidenced. 

19. The following references describe the effects of insertional mutagenesis 
generally observed in the context of transfection or transformation of 
HSCs with constructs such as HOXB4; 1) Baum, a (2007). Insertional 
mutagenesis in gene therapy and stem cell biology. Curr. Opin. Hematol. 
14, 337-342; 2) Baum, C, Dullmann, J„ Li, Z., Fehse, B., Meyer, J., 
Williams, D.A., and von Kalle, C. (2003). Side effects of retroviral gene 
transfer into hematopoietic stem cells. Blood 101, 2099-2114; 3) Pineault, 
N., Abramovich, C, Ohta, H., and Humphries, R.K. (2004). Differential 
and common leukemogenic potentials of multiple NUP98-Hox fusion 
proteins alone or with Meisl. Mol. Cell. Biol. 24, 1907-1917; and 4) 
Zhang. X., Beard, B.C., Trobridge, G.D., Wood, B.L., Sale, G.E., Sud, R., 
Humphries, R.K., and Kiem, H. J. Clin. Invest. 118, 1502-1510. High 
incidence of leukemia after stem-cell gene therapy in large animals with a 
HOXB4-expressing vector. Journal of Clinical Investigation. Please find 
enclosed copies of the full text or of the abstract of these references. 
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20. There is thus an urgent need for an efficient non-gene delivery method of 
expanding HSCs avoiding the drawbacks of HOXB4 retroviral gene 
transfer and enabling safe and efficient bone marrow transplantations in 
patients in need thereof. 

Commercial success 

21. On September 2005, I and other colleagues of Hfipital Maisonneuve- 
Rosemont have obtained a pre-IND visit to request approval of health 
Canada to conduct clinical studies with the HOXB4 construct of the 
present invention. Health Canada's response was very positive and work 
is underway to satisfy the Government requirements. 

22. To my knowledge, there is no other clinical trial currently ongoing for 
methods of expanding HSCs for bone marrow transplantation that 
demonstrated efficacy in HSC expansion, 

23. I further declare that all statements made herein are of my own 
knowledge and are true and that all statements made on information and 
belief are believed to be true; and further, that these statements were 
made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under 18 U.S.C. § 
1001, and that such willful false statements may jeopardize the validity of 
the application or any patent issuing thereon. 




Respectfully submitted, 



CURRICULUM VII AE 



NAME: DENIS CLAUDE ROY 

ADDRESS: 5276, Avenue des Tillleuls, Montreal, Quebec HIT 2H6 

DATE OF BIRTH: February 1, 1958 

PLACE OF BIRTH: Longueuil, Canada 

EDUCATION . 

1 977 D.E.C. College Andre-Grasset 

1 982 M.D. Universite de Montreal 



POSTDOrTORAT TRATNINH 

Internship and Residencies: 

1982- 1983 Intern in Internal Medicine, Saint-Luc Hospital, 

Montreal, Canada 

1 983- 1 985 Resident in Internal Medicine, Saint-Luc and 

Sacre-Coeur Hospitals, Montreal, Canada 

Fellowships: 

1985-1987 Clinical Fellow in Hematology, 

Maisonneuve-Rosemont, Notre-Dame, Sainte- Justine and 
Hotel-Dieu Hospitals, Montreal, Canada 

1987-1 990 Research Fellow in Medicine, 

under the direction of Dr. Jerome Ritz, 

Division of Tumor Immunology, 

Dana-Farber Cancer Institute, Boston, MA, U.S.A. 



LICENSURE AND CERTIFICATION: 

1983 Quebec License Registration, No. 83249 

1983 Licensure of the Medical Council of Canada, No. 55458 
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1 985 National Board of Medical Examiners (U. S .A.), 

Certificate No. 272344 

1 985 American Board of Internal Medicine, Certificate No. 1 0 1 596 

1 986 Quebec Board of Internal Medicine, Certificate No. 1 0672 

1 986 Royal College of Physicians and Surgeons of Canada, 
Specialty: Internal Medicine, Certificate No. 342161 

1 987 Quebec Certificate of Specialist in Hematology, 
Certificate No. 11185 

1987 Royal College of Physicians and Surgeons of Canada, 

Subspecialty: Hematology, Certificate No. 342161 

1 987 Massachusetts License, Registration No. 5 8705 

1 988 American Board of Internal Medicine, Subspecialty: 
Hematology, Certificate No. 101596 

ACADEMIC APPOINTMENTS: 

1 987- 1 990 Research Associate in Medicine, Harvard University, 

Boston, MA 

1 990- 1 996 Assistant Professor, Department of Medicine, University of 

Montreal, Montreal, Quebec 

1996-2004 Associate Professor, Department of Medicine, University of Montreal, 

Montreal, Quebec 

2002-present Adjunct Professor, Department of Experimental Medicine, McGill 
University, Montreal, Quebec 

2004-present Professor of Medicine, Department of Medicine, University of Montreal, 
Montreal, Quebec 



1987-1 990 Research Associate, Division of Tumor Immunology, 

Dana-Farber Cancer Institute, Boston, MA 
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1987-1 990 Clinical/Research Fellow, Department of Medicine, Brigham and 

Women's Hospital, Boston, MA 

1990-1999 Active Member, Department of Hematology, Maisonneuve-Rosemont 

Hospital, Montreal, Quebec. 

1 990-2000 Consultant Member, Department of Medical Biology and Departement 

of Medicine, Montreal Heart Institute, Montreal, Quebec. 

1990-present Active Member, Departement of Medicine, Maisonneuve- Rosemont 
Hospital, 

Montreal, Quebec. 

1 999- present Active Member, Department of Laboratories, 

Maisonneuve-Rosemont Hospital, Montreal, Quebec. 

1999- present Active Member, Oncology Program, 

Maisonneuve-Rosemont Hospital, Montreal, Quebec. 

2000- present Associate Member, Department of Medical Biology and 

Departement of Medicine, Montreal Heart Institute, Montreal, Quebec. 



OTHER PROFESSION AT, POSITIONS: 

Director, Hematopoietic Cell Therapy Clinical Laboratory and Program, 
Maisonneuve-Rosemont Hospital 

Director, Cellular Therapy Research Laboratory, Maisonneuve- 
Rosemont Hospital 

Examination Board, Substitute, Quebec College of Physicians, 
Section: Hematology 

Examination Board Member, Royal College of Physicians and 
Surgeons of Canada, Section: Hematology 

Inspector, Foundation for the Accreditation of Cell Therapy (FACT) 

Director, Research Centre, Hopital Maisonneuve-Rosemont 



1990-present 

1990- present 

1991- 1997 

1997- 1999 

1998- 2004 
2006-present 



1 975 Silver Medal from Governor General of Canada 

1 976 Academic Achievement Award, College Andre-Grasset 
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1 987 Dean's Award, University of Montreal Medical School 

1987 Lederle Research Award 

1993 First Prize, Clinical Research, Annual Research Meeting, 

Maisonneuve-Rosemont Hospital 



1 978 Studentship, Ministry of Health and Welfare of Quebec, Canada 

1 979 Studentship, Medical Research Council of Canada 
1 987- 1 990 Fellowship, Medical Research Council of Canada 

1990-1 994 Scholarship, Junior I, Fonds de la recherche en sante du Quebec 

1 994- 1 998 Scholarship, Junior II, Fonds de la recherche en sante du Quebec 
1 998-2002 Scholarship, Senior, Fonds de la recherche en sante du Quebec 

COMMITTEE ASSIGNMENTS 
International and National 

1 994 Member, Program Committee, Fourth International Marrow 
Transplant Symposium. 

1995 Advisory Committee, Pfizer Canada: Antifungal prophylaxis for bone 
marrow transplant patients, Seattle, Washington. 

1995- 2002 Vice-Chairman, Local Organizing Committee for the Year 2002 Annual 

Meeting of the International Society for Experimental 
Hematology (ISEH) 

1997- 1999 Member, Organizing Committee, Frontiers of Malignant Hematology, 

Second International Conference - 1999. 

1998 Advisory Committee, National Forum on Hematopoietic Stem Cell 

Transplantation from Unrelated Donors. Ottawa, Canada. 

1 998- 2000 Member, Searle Oncology Canadian Advisory Panel. 
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1998-present Executive Committee - Hematology Disease Site, Clinical Trials 
Group, National Cancer Institute of Canada. 

1999 Canadian Non-Hodgkin's Lymphoma Advisory Panel, Schering Canada, 
VII International Conference of Malignant Lymphoma, Lugano, 
Switzerland. 

2000 Photodynamic Therapy Advisory Committee, Theratechnologies Inc., 
Montreal, Canada. 

2000- 2002 Organizing Committee, Eight Biennial Canadian Bone Marrow 

Transplant Group Meeting 2002, Halifax, N.S. 

2001 Canadian Lymphoma Workshop, National Cancer Institute of Canada 
(NCIC) - Amgen, Montreal, Canada. 

2001- 2005 Member, Quebec Provincial Council to Fight Cancer - Practice 

Evolution Committee, Hematological cancers. 

2002- 2004 Director at-large, Executive Board, Canadian Blood and Marrow 

Transplant Group. 

2002-present Acute Leukemia/Stem Cell Transplantation Working Group, National 
Cancer Institute of Canada (NCIC). 

2003 Co-Chairman, Organizing Committee, Lymphoma Symposium, Mount 

Stephen Club, Sept. 26, 2003, Montreal, Canada. 



University 

1983-1984 Internal Committee, Association of Residents and Interns, 

Universite de Montreal, Canada 

1992-1998 Member, Hematologic-Oncology Study Section, Reseau inter-hospitalier 

de cancerologie de l'Universite de Montreal (RICUM) 

1 994-present Committee for Hematology Training Program, Universite de 
Montreal 

1 997 Committee for Selection of Head of the Department of Microbiology, 

University of Montreal Hospital Center (CHUM). 

2002-present Promotion Committee for the Department of Medicine, Universite de 
Montreal. 
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2004-2005 

Hospital 

1983-1984 
1983-1984 

1990- 2000 

1991- 1996 

1992- 1993 
1992-1993 
1993 
1993 

1994-1995 

1997 

1998 

1999-present 
2002 

2002-2003 



Committee for Selection of Head of the Department of Microbiology- 
Immunology, University of Montreal. 



Education Advisory Committee, Saint-Luc Hospital 

Executive Committee, Saint-Luc Hospital Interns and 
Residents Association 

Multidisciplinary Oncology Committee Maisonneuve-Rosemont 
Hospital 

Clinical Research Scientific Review Committee, Maisonneuve- 
Rosemont Hospital 

Committee for Selection of Head of the Department of Ophtalmology, 
Maisonneuve-Rosemont Hospital 

Committee for Graduate Studies, Maisonneuve-Rosemont Research 
Center 

Scientific Advisory Committee, Institut de medecine de la reproduction 
de Montreal 

Committee for Selection of Head of the Department of Pediatrics, 
Maisonneuve-Rosemont Hospital 

Committee for Selection of Head of the Department of Surgery, 
Maisonneuve-Rosemont Hospital. 

Committee for Selection of Head of the Department of Ophtalmology, 
Maisonneuve-Rosemont Hospital. 

Committee for Selection of Head of the Department of Anatomo- 
Pathology, Maisonneuve-Rosemont Hospital. 

Committee for Selection of Head of the Department of Radiation- 
Oncology, Maisonneuve-Rosemont Hospital. 

Human Ethics Committee, Hopital Maisonneuve-Rosemont. 

Committee for Selection of Head of the Department of Microbiology, 
Hopital Maisonneuve-Rosemont. 
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Member, Scientific Review Committee, Cancer Research Society 

Member, Scientific Review Committee, Clinician-Scientist 
Status, Fonds de la Recherche en Sante du Quebec 

Member, Scientific Review Committee, Clinician-Scientist 
and Career Research Scientist Awards, Fonds de la Recherche 
en Sante du Quebec. 

Vice-Chairman, Scientific Review Committee, Clinician 
Scientist and Career Research Scientist Awards, Fonds de la 
Recherche en Sante du Quebec. 

Member, Scientific Review Committee, Cancer Research Society 

Chairman, Scientific Review Committee, Clinician Scientist Awards, 
Fonds de la recherche en sante du Quebec. 

Member, Scientific Review Committee, Cancer Research Society 

Member, Canadian Scientific Advisory Committee, 24 th World Congress 
of the International Society of Hematology (2000). 

Member, Scientific Review Panel: Cell Processing - Purging and 
Depletion, 2000 Annual Meeting of the American Society of 
Hematology (ASH). 

Member, Scientific Review Panel: Leukemia - Clinical, 2002 Annual 
Meeting of the International Society for Experimental Hematology 
(ISEH). 

Member, Scientific Review Committee, AIDS and Infectious Diseases 
Network, Fonds de Recherche en Sante du Quebec. 

Scientific Review Committee, Leukemia Cell Bank of Quebec. 

Member, Scientific Review Committee, Rene Malo Initiative Project : 
Montreal Cancer Institute, Canada. 

Member, Scientific Review Committee, Leukemia Lymphoma Society 
of Canada 
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Scientific Evaluation (Journals) ; 

Blood 

Vox Sanguinis 

Bone Marrow Transplantation 

Journal of Clinical Oncology 

Journal of Immunological Methods 

American Journal of Reproductive Immunology 

Clinical Cancer Research 

Journal of Palliative Care 

The Hematology Journal 



MFMBFRSHT PS TN PttOFFSSTONAI SOrTFTTFS 

1980- 2005 
1986- present 
1991- present 
1991- present 
1993- 2005 
1995- present 



1996-2001 



2001 - present 

2002- present 



MAJOR RESEARCH INTERESTS: 

1 . Immunobiology of human leukemia and lymphoma stem cells. 

2. Allogeneic and autologous stem cell transplantation. 

3. Engineering of hematopoietic cell graft: Selective elimination of alloreactive T cells 
and malignant cells, immunotherapy and stem cell expansion. 

4. Novel therapeutic agents. 



Association des medecins de langue francaise du Canada (AMLFC) 
Royal College of Physicians, Fellow in Medicine (FRCPC) 
American Society of Hematology (ASH) 
Canadian Bone Marrow Transplantation Group (CBMTG) 
American Association for the Advancement of Science (AAAS) 
American Society for Blood and Marrow Transplantation (ASBMT) 

International Society for Hematotherapy and Graft Engineering 
(ISHAGE) 

International Society for Cell Therapy (ISCT) 
International Society for Experimental Hematology (ISEH) 
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1 990- 1 993 Director, Scientific activities of the Dept. of Hematology, 

Maisonneuve-Rosemont Hospital 

1990- 1993 Lecturer, Hematology Course: MMD-2207, Faculty of Medicine, 

University of Montreal 

1 99 1 - 1 996 Lecturer, Workshops for Hematology Residents, University of Montreal 

1 99 1 - 1 997 Lecturer, Post-Graduate Course : Medical Immunology 

MCB-6034, Dept. of Microbiology and Immunology, University of 
Montreal 

1991- 2005 Lecturer, Transplantation Immunology Seminar, Surgery Training 

Program, University of Montreal 

1992- 1998 Lecturer, Department of Internal Medicine: Leukemias and 

Myelodysplasias, Maisonneuve-Rosemont Hospital 

1993 Lecturer, Post-Graduate Course: New Developments in 

Molecular Biology, BIM-6030, Department of Molecular 
Biology, University of Montreal 

1994-2000 Lecturer, Post-Graduate Course: Immunopharmacology: PHL-6093, 

University of Montreal 

1996-2000 Lecturer, Postgraduate Hematology Programs Lecture Series, University 

of Montreal and McGill University. 

2000-present Lecturer, Postgraduate Hematology Programs Lecture Series, University 
of Montreal. 

2002- present Chairman of the Course (45 hours - 3 credits) and Lecturer, Biomedical 

Sciences - Fundamental and Clinical Hematology: SBM-3003, 
University of Montreal. 

2003- present Lecturer, Experimental and Clinical Oncology (516-635D), Department 

of Experimental Medicine, McGill University: Basic Research Issues in 
Lymphoma. 

2006-present Lecturer, Post-Graduate Course: Integrated Systems Biology: BIM- 
6065, Hematopoietic Stem Cell Usage, University of Montreal. 
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P O ST- fi RADTIATF, STUDENTS: 



2002- present Name: Nadia Hebib (Post-Ph.D.) 

Title: Induction of immune tolerance after allogeneic stem cell 
transplantation. 

2003- present Name: David Allen (Post-M.D.) 

Title: Endothelial progenitor cells mobilization induced by 
hematopoietic growth factors. 

2004- present Name: Ahmed Ammar (post-MD): M.Sc. program) 

Hematopoietic stem cells to repair trabecular cells 



1990-1992 Name: Sylvie Arbour (M.Sc.) 

Title: Anti-leukemia activity of bone marrow cells. 

1992- 1997 Name: Marie-Helene Lachapelle (Ph.D.) 

Title: Endometrial natural killer cells. 

1993- 1997 Name: Brigitte Leonard (M.Sc.) 

Title: Evaluation of minimal residual disease using quantitative 
PCR. 

1995- 2003 Name: Martin Guimond (Ph.D.) 

Title: Graft- versus-leukemia effector cells. 

1996- 2002 Name: Nadine Beauger (Ph.D.) 

Title: Role of stem cell expansion for purging of malignant cells. 

1997- 2003 Name: Brigitte Leonard (Ph.D.) 

Title: Pathogenic role of the Bcl-2/IgH rearrangement. 

1998- 2002 Name: Francis Parent (M.Sc.) 

Title: Graft-versus-leukemia activity post-allogeneic transplantation 
for chronic myelogenous leukemia. 

1999- 2002 Name: Celine Brazeau (M.Sc.) 

Title: MDR-related transporters involved in preferential retention of 
rhodamine-derivedphotosensitizers. 

2000- 2003 Name: Radia Sidi Boumedine (M.Sc.) 

Title: Photodynamic prevention of graft-versus-host disease through 
selective elimination of alloreactive cells. 
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2001- 2004 Name: Marie-Pier Giard (M.Sc.) 

Title: Ex vivo expansion of megakaryocytic progenitors for 
autologous stem cell transplantation. 

2002- 2005 Name: Lynn Jaafar (M.Sc.) 

Title: Treatment of acute graft- versus host disease using a 
photopheresis approach 

2002-present Name: Pierre Fokam (M.Sc.) 

Title: Induction of an immunotolerance for the treatment of chronic 
graft-versus-host disease. 

2002-2006 Name: QinYong Dai (Ph.D.) (Experimental Medicine, McGill 

University) 

Title: Anti-tumor vaccination via a photodynamic approach. 

2004-present Name: Stephanie Beauchemin (M.Sc.) 

Title: Ex vivo expansion of hematopoietic stem cells using the TAT- 
HOXB4 molecule. 



2004- present Name: Jean-Philippe Bastien (M.Sc.) 

Title: Induction of immunotolerance using photodynamic therapy. 

2005- present Name: Mireille Guerin (M.Sc.) 

Title: Anti-leukemia activity of PCK-3 145. 

2005-present Name: Sabrina Vinet (M.Sc.) 

Title: Signaling potentiation to promote erythropoiesis. 

2007 Name: Veronique Gaudet (B.Sc. U. de M) 

Title: Evaluation des capacites migratoires de cellules souches 

hematopoietiques murines dans un modele de surexpression 

delaproteineHOX B4. 

Biomedical Sciences- SBM 3008 (4 month) 



2007 -present 



2007- present 



2007- present 
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Name : Renaud Manuguerra-Gagne (M.Sc.) 
Title : Regenerescence des cellules trabeculaires d'un ceil 
glaucomateux par des cellules souches mesenchymateuses. 

Name : Marie Caudrelier (M.Sc.) 

Title : L' impact de la therapie photodynamique sur les cellules 
dendetriques. 

Name : Irina Cristina Helici (M.Sc.) 

Title : Effet de la proteine HOXB4 sur 1' expansion et la 
differentiation des progeniteurs myeloides. 
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PARTICIPATION TN M.C. AND PH.D THESIS COMMITTEES AND COMPREHENSIVE 
EXAMS (PH D) ( excluding jury of my own students) 



1991 


Name : 
Title : 

Role : 


Sylvie Fournier - Medicine/Biomedical Sciences 

Expression and regulation of the CD23 antigen on normal and malignant 

B cells. 

Member of Jury, Final Exam, Universite de Montreal. 


1994 


Name: 
Title : 
Role : 


Lidia Morelli, Ph.D. - Medicine/ Experimental Medicine 
Characterization of NK 1.2, an antigen with specific for murine NK cells. 
Member of Jury, Ph.D. Thesis, McGill University. 


1996 


Name : 
Title : 

Role: 


Julio Robert Caceres Cortes, Ph.D. - Medicine/Biomedical Sciences 
The role of steel factor (SF) in the biology of human acute 
myeloblasts leukemia and normal CD34 + hematopoietic cells. 
Member of Jury, Ph.D. Thesis, Universite de Montreal. 


1998 


Name : 
Title : 

Role: 


Gael Dulude, Ph.D. - Medicine/Biomedical Sciences 

Thymic and extra-thymic T lymphocyte development in hematopoietic 

chimeras. 

Member of Jury, Final Exams, Universite de Montreal. 


1998 


Name : 
Title : 
Role : 


Stephane Pion, Ph.D. - Medicine/Biomedical Sciences 

Mechanisms of immunodominance. 

President of Jury, Ph.D. Thesis, Universite de Montreal. 


1999 


Name : 
Title : 
Role : 


Hashem Salloukh, Ph.D. - Medicine/ Experimental Medicine 
Genomic Instability in PI 90 Bcr-alb Leukemia Mouse Model. 
Member of Jury, Ph.D. Thesis, McGill University. 


2001 


Name : 

Title: 

Role: 


Veronique Mateo, Ph.D. - Microbiology/Immunology 

Analysis of a novel form of cellular death induced by CD47 in lymphocytes. 

Member of Jury, Ph.D. Thesis, Universite de Montreal. 


2001 


Name : 
Title : 
Role: 


Julia M. Brain-Holcomb, Ph.D. - Medicine/ Experimental Medicine 
Genomic Instability in Chronic Myelogenous Leukemia. 
Member of Jury, Ph.D. Thesis, McGill University. 


2002 


Name : 
Title : 

Role : 


Marie-Christine Meunier, M.Sc. - Medicine/Biomedical Sciences 
Treatment of leukemia using adoptive transfer of T lymphocytes specific for 
a minor histocompatibility antigen. 
President of Jury, Ph.D. Exam, Universite de Montreal. 



« 
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2004 Name: Robert Mio, Ph.D. - Medecine/sciences biomedicales 

Title: Genetic-epidemiologic analysis of X-inactivation skewing in human 

females: suggestive evidence for two distinct traits 
Role: Representative of Dean, Ph.D. Exam, Universite de Montreal. 

2007 Name : Marie-Christine Meunier, Ph.D. - Medecine/sciences biomedicales 

Title : Traitement du cancer par transfert adoptif de lymphocytes T diriges contre 

un antigene mineur d'histocompatibilite. 
Role : President of Jury, These - Ph.D. 
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n TNirAT BF.SF.ARrH AND HOSPITAI SFRVTCF RFSPONSIMT ITIFS 



1990- present Attending Physician, Bone Marrow Transplant Service, Maisonneuve- 
Rosemont Hospital 



1991- Investigator, National Cancer Institute (USA), no 21418. 

1 990- 1 995 Co-Chairman, Phase I Cancer Clinical Research Protocol : 

Autologous Bone Marrow Transplantation for MY9 Positive 
Leukemia (Immunotoxins); Maisonneuve-Rosemont Hospital and 
Dana-Farber Cancer Institute, Boston MA 

1 99 1 - 1 993 Principal investigator, Phase II Cancer Clinical Research 

Protocol: Emergency use of XomaZyme-CD5 Plus for the 
Treatment of Moderate to Severe Acute Graft versus Host 
Disease Unresponsive to Systemic Therapy with Steroids 
Maisonneuve-Rosemont Hospital-Xoma Corp. USA. 

1991- 1995 Co-Chairman, Phase I Cancer Clinical Research Protocol: 

Autologous Bone Marrow Transplantation for B4 Positive 
Leukemia (Immunotoxins); Maisonneuve-Rosemont Hospital and 
Dana-Farber Cancer Institute, Boston MA 

1991-1995 Chairman, Phase I Cancer Clinical Research Protocol: 

Autologous Bone Marrow Transplantation with Anti-B4-bR 
Purging for Patients with Non Hodgkin's Lymphoma; 
Maisonneuve-Rosemont Hospital. 

1995-2000 Chairman, Phase I Cancer Clinical Research Protocol: A 

Phase I Study of Bone Marrow Purging Using Photodynamic 
Therapy with Benzoporphyrin Derivative Monoacid Ring A in 
Patients with Acute Leukemia (HPB: Investigator IND). 

1995-2002 Co-Investigator: Phase III Cancer Clinical Research 

Protocol: A Phase III Study of Radiotherapy or ABVD Plus 
Radiotherapy Versus ABVD Alone in the Treatment of Early Stage 
Hodgkin's Disease, Maisonneuve-Rosemont Hospital, NCIC CTG: 
HD.6. 



1996- 1998 Chairman, Phase I Cancer Clinical Research Protocol: Autologous 

CD34+ Stem Cell Transplantation for Patients with Chronic 
Myelogenous Leukemia, Maisonneuve-Rosemont Hospital. 

1997- 2000 Principal investigator; Phase II Cancer Clinical Research Protocol: A 

study of the Efficacy and Safety of CMA-676 as Single Agent Treatment 
of Patient with Acute Myeloid Leukemia (AML) in First Relapse; 
Maisonneuve-Rosemont Hospital. 
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1998- 2003 Chairman, Phase I Cancer Clinical Research Protocol: Autologous 

TH9402 Purged Stem Cell Transplantation for Patients with Chronic 
Myelogenous Leukemia, Celmed Biosciences - Maisonneuve-Rosemont 
Hospital. 

1999- present Principal investigator; Phase III Cancer Clinical Research Protocol: A 

Phase III Study of STI571 versus Interferon-a (IFN-a) Combined with 
Cytarabine (Ara-C) in Patients with Newly Diagnosed Previously 
Untreated Philadelphia Chromosome Positive (Ph+) Chronic 
Myelogenous Leukemia in Chronic Phase (CML-CP); Maisonneuve- 
Rosemont Hospital. 

2000- present Chairman, Phase I Cancer Clinical Research Protocol: Autologous 

TH9402 Purged Stem Cell Transplantation for Patients with Non- 
Hodgkin's Lymphoma, Celmed-BioSciences - Maisonneuve-Rosemont 
Hospital, and Chair for the multicenter study. 

2001- 2002 Co-Investigator, Phase II Cancer Clinical Research Protocol: : A Phase II 

Study of Troxatyl in Patients with CML Blastic Phase Disease, Biochem 
Pharma, Maisonneuve-Rosemont Hospital. 

2001- 2002 Co-Investigator; Phase I/II Cancer Clinical Research Protocol: A Phase 

I/II Multi-Center Study of Troxacitabine in Relapsed or Refractory 
Lymphoproliferative Neoplasms or Multiple Myeloma (BCH-4556-21 1- 
A5), Shire Pharmaceutical Development, Hopital Maisonneuve- 
Rosemont. 

2002- 2004 Co-Investigator; Phase III Cancer Clinical Research Protocol, Intergroup 

Trial of First Line Treatment for Patients with Diffuse Large B-Cell 
Non-Hodgkin's Lymphoma with a CHOP-like Chemotherapy Regimen 
with or without the anti-CD20 Antibody Rituximab, The Mabthera 
International Trial (MINT) Study Group; NCIC CTG: LY.9, Hdpital 
Maisonneuve-Rosemont. 



2002- present Principal Investigator; Phase III Cancer Clinical Research Protocol, A 
Randomized Phase III Trial Comparing Early High Dose 
Chemoradiotherapy and an Autologous Stem Cell Transplant to 
Conventional Dose CHOP Chemotherapy (With Possible Late 
Autologous Stem Cell Transplant) for Patients With Diffuse Aggressive 
Non-Hodgkin's Lymphoma in the High-Intermediate and High Risk 
International Classification Prognostic Groups. SWOG; NCIC CTG: 
LY.l 1, Hopital Maisonneuve-Rosemont. 
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2002-2004 Co-Investigator; A Randomized Phase I Study of Two Different 

Schedules of BAY 43-9006 in Patients With Acute Myeloid Leukemia 
or Myelodysplastic Syndrome; NCIC CTG: IND.152, Maisonneuve- 
Rosemont Hospital. 

2002- present Co-Investigator; Efficacy and Safety of Subsequent Treatment with 90 Y- 
Ibritumomab Tiuxetan Versus No Further Treatment in Patients with 
Stage III or IV Follicular Non-Hodgkin's Lymphoma Having Achieved 
Partial or Complete Remission After First Line Chemotherapy. A 
Prospective, Multicenter, Randomized Phase III Clinical Trial; Berlex, 
Maisonneuve-Rosemont Hospital. 

2002- present Co-Investigator; A Phase II Study of PS-341 (NSC 681239) in Patients 

with Untreated or Relapsed Waldenstrom's Macroglobulinemia; NCIC 
CTG: IND.152, Maisonneuve-Rosemont Hospital. 

2003- 2006 Chairman; Phase I: A Dose-Escalation Study of PBI-1402 and its 

Effect on Human Hematopoietic Cell Populations in Healthy Human 
Volunteers, ProMetic Biosciences - Maisonneuve-Rosemont Hospital. 

2003- present Chairman, Phase MI: Haploidentical peripheral blood stem cell 

transplantation with CD34+ cell selection and a T-cell add-back 
depleted of host alloreactive cells using photodynamic cell therapy, 
Celmed Biosciences - Maisonneuve-Rosemont Hospital. 

2004- present Co-Investigator; Protocol Rl 1 5777-AML-301 ; Phase III. A randomized 

study of tipifarnib versus best supportive care (including hydroxyurea) in 
the treatment of newly diagnosed acute myeloid leukemia (AML) in 
subjects 70 years or older; Johnson & Johnson Pharmaceutical Research 
& Development, Maisonneuve-Rosemont Hospital. 

2005- present Investigateur principal; Protocole Phase III Cancer Clinical Research 

Protocol: An Open-Label, Randomized, Multicentre Study Comparing 
Gleevec (Imatinib) at Doses of 400 mg and 800 mg in Patients with 
Chronic-Phase Philadelphia Chromosome-Positive Chronic Myeloid 
Leukemia Who Have Reached Complete Cytogenetic Response with 
Gleevec® (imatinib) 400 mg. GLEEM (CSTI571ACA09), Novartis, 
Hopital Maisonneuve-Rosemont. 

2005-present Principal Investigator; Phase I/II Cancer Clinical Research Protocol: A 
phase IA/II multicenter, dose-escalation study of oral AMN107 on a 
continuous daily dosing schedule in adult patients with Gleeved- 
Resistant CML in accelerated phase or blast crisis, relapsed/refractory 
Ph+ All, and other hematologic malignancies, (CAMN107A2101), 
Novartis, Hopital Maisonneuve-Rosemont. 
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2005- present Co-Investigator, Phase III Cancer Clinical Research Protocol: A 
double-blind, randomized, placebo-controlled, parallel-group study to 
evaluate the efficacy, safety, tolerability, pharmacokinetics and 
pharmacodynamics of SB 497115-GR, a thrombopoietin receptor 
agonist, administered as once-daily 30-, 50- and 75-mg tablets for six 
weeks to adults with refractory, chronic immune thrombocytopenic 
(ITP). Protocol TRA 100773 Glaxo SmithKline, Hopital Maisonneuve- 
Rosemont. 

2005- present Co-investigator; Phase III Cancer Clinical Research Protocol: Phase III 
clinical study of allogeneic stem cell transplantation with reduced 
intensity conditioning (RICT) versus best standard of care in acute 
myeloid leukemia (AML) in first complete remission. Protocol TRALG 
1/02 CBMTG, Hdpital Maisonneuve-Rosemont. 

2005- present Co-investigator, Phase III Cancer Clinical Research Protocol: An open- 
label, randomized, phase 3 trial of intravenous temsirolimus (CCI-779) 
at two dose levels compared to investigator's choice therapy in 
relapsed, refractory subjects with mantle cell lymphoma (MCL). 
Protocol 3066K1-305-WW Wyeth Research, Hopital Maisonneuve- 
Rosemont. 

Co-Principal Investigator ; Phase III Cancer Clinical Research Protocol: 
A randomized, controlled, parallel-group, multicenter study of 
Extracorporeal Photoimmune Therapy with Therakos UVADEX for the 
treatment of patients with newly diagnosed Acute GvHD. (Acute 
GvHD-1), Therakos inc., Hopital Maisonneuve-Rosemont 

Principal Investigator; Phase lb Cancer Clinical Research Protocol: 
Effect of PBI-1402 in cancer patients undergoing chemotherapy and 
suffering from anemia. (PBI-251005) ProMetic Biosciences Inc., 
Hopital Maisonneuve-Rosemont. 

Co-Investigator; Phase III Cancer Clinical Research Protocol: A Phase 
III Randomized, Double-Blind, Controlled Study Comparing 
Clofarabine and Cytarabine versus Cytarabine Alone in Adult Patients 
>60 Years Old with Acute Myelogenous Leukemia (AML) who have 
Relapsed or are Refractory after Receiving up to Two Prior Induction 
Regimens, Genzyme Corp., Hopital Maisonneuve-Rosemont. 

Co-investigator, An open-label, randomized, phase 3 study of 
inotuzumab ozogamicin (CMC-544) administered in combination with 
Rituximab compared to a defined investigator's choice therapy in 
subjects with relapsed or refractory, CD22-positive, follicular B-cell, 
Non Hodgkin's lymphoma. CMC-544 Protocol no. 3129K4-3301- 
WW (Wyeth Research), Hopital Maisonneuve-Rosemont. 
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Interview with Media: 



• Report in La Presse (Pascale Breton, 2007) 

• Interview, September 2007, « Une pilule, une petite granule » (Tele Quebec, October 
2007) 

• Interview with Ms Louise Deschatelets (Canal Vox, April 3rd, 2007) (1 hour) 

• Interview with Mr Paul Arcand (98,5 FM, February 22nd, 2007) (1 hour) 

• Interview with Dominique Poirier (RDI, January 8th, 2007) 

• Report from Esther Normand (Radio-Canada, January 8th, 2007) 

• Report from Emilie Perreault (TQS, January 8th, 2007) 

• Interview at 940 AM (Charles Pitts, September 1 5th, 2006) 

• Interview at CKAC (Charles Pitts, September 9th, 2006) 

• Report in Le Devoir (Pauline Gravel « Un centre de recherche sur les cellules souches 
ouvrira a Montreal », September 7th, 2006) 

• Report in Le Journal de Montreal (Eric-Yvan Lemay, « La voie de l'avenir », September 
7th, 2006) 

• Report in La Presse (Pascale Breton, « Les cellules souches cultivees sont sources 
d'espoir », September 7th, 2006) 

• Report in The Gazette «(Aaron Derfel, « Maisonneuve-Rosemont hospital to build stem- 
cell centre », September 7th, 2006) 

• Interview with Anne-Sophie Hennekens (Radio-Canada, September 7th, 2006) 

• Reportage a Radio-Canada (Esther Normand, September 6th, 2006) 

• Reportage a TVA (Maryse Gagnon, September 6th, 2006) 

• Entrevue a Dominique Poirier en direct (RDI, Septembre 6th, 2006) 



PATENTS 

1. P. Miron, M. H. Lachapelle, D. C. Roy. Use of Ligands Specific to Major 
Histocompatibility Complex Class 1 Antigens for Diagnosing Endometriosis. USA Patent: 
N.S. 08/0860, 064. International Patent no. PCT/CA95/00730. 

2. D. C. Roy, M. Guimond, N. Molfino. Rhodamine derivatives for photodynamic diagnosis, 
prevention and treatment of immunologic disorders. USA patent: 65/157,790. European 
Patent 126793. 

3. D. C. Roy, L., Villeneuve, M. Vaillancourt. PDT-Treated Cells or Lysate thereof for 
Preparation of an Autoimmune Vaccine for Immunological Disorders and Cancers. US- 
Prl 07-03. 
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High incidence of leukemia in large animals 
after stem cell gene therapy with 
a HOXS4-expressing retroviral vector 

Xiao-Bing Zhang, 1 Brian C. Beard, 1 Grant D. Trobridge, 12 Brent L. Wood, 3 George E. Sale, 1 
Reeteka Sud, 1 R. Keith Humphries, 4 and Hans-Peter Kiem 1 2 

'Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, Washington, USA. departments of Medicine and Pathology and 
department of Laboratory Medicine, University of Washington, Seattle, Washington, USA. "Terry Fox Laboratory, British Columbia Cancer Agency, 
and Department of Medicine, University of British Columbia, Vancouver, British Columbia, Canada. 



Retroviral vector-mediated HSC gene therapy has been used to treat individuals with a number of life-threat- 
ening diseases. However, some patients with SCID-X1 developed retroviral vector-mediated leukemia after 
treatment. The selective growth advantage of gene-modified cells in patients with SCID-X1 suggests that the 
transgene may have played a role in leukemogenesis. Here we report that 2 of 2 dogs and 1 of 2 macaques 
developed myeloid leukemia approximately 2 years after being transplanted with cells that overexpressed 
homeobox B4 (HOXB4) and cells transduced with a control gammaretroviral vector that did not express 
HOXB4. The leukemic cells had dysregulated expression of oncogenes, a block in myeloid differentiation, 
and overexpression of HOXB4. HOXB4 knockdown restored differentiation in leukemic cells, suggesting 
involvement of HOXB4. In contrast, leukemia did not arise from the cells carrying the control gammaretrovi- 
ral vector. In addition, leukemia did not arise in 5 animals with high-level marking and polyclonal long-term 
repopulation following transplantation with cells transduced with an identical gammaretrovirus vector back- 
bone expressing methylguanine methyltransferase. These findings, combined with the absence of leukemia in 
many other large animals transplanted with cells transduced with gammaretroviral vectors expressing genes 
other than HOXB4, show that HOXB4 overexpression poses a significant risk of leukemogenesis. Our data 
thus suggest the continued need for caution in genetic manipulation of repopulating cells, particularly when 
the transgene might impart an intrinsic growth advantage. 



Introduction 

Gene therapy holds greai promise for providing new treatments 
for a large number of genetic and acquired diseases (1), and retro- 
viruses are 1 11 rreni ly the mosi el licient vectors lor gene delivery I o 
HSCs. Gammaretroviral vectors have shown early clinical success 
for Xdmked SCID (SCID-X1) (2-5), adenosine deaminase SCID 
(ADA-SCID) (6-8), and Xdinked chronic granulomatous disease 
(X-CGD) (9). However, 4 SCID-X1 patients developed T cell leu- 
kemia aliergene I ransfer of IL2R-/ via an MLV-based gammaretro- 
viral vector into HSCs 2-3 years after treatment, but not in other 
gene therapy trials ( 10, 11 ). These findings led to the notion that 
leukemogenesis caused by retroviral vectors may be associated 
with particular transgenes. 

Studies have been carried out in mouse models to address safety 
issues involved in retroviral vector-based stem cell gene therapy 
(12-14). How ev er, fi nd i ngs in murine models may not always clear- 
ly predict outcomes in a clinical selling, likely because of intrinsic 
cliiiereiices between hu.nia.iis and mice. In addition, much higher 
stem cell doses are typically employed in clinical trials, resulting 
in the infusion of significantly higher numbers of gene-modified 
stem cells compared with mouse studies. In concert with this, 
studies in large animals like dogs and nonhtiman primates have 
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been more predictive than mouse studies. Thus, we have used large 
animal models to study HSC gene transfer to address the safety of 
gene-modified HSCs. We have reported that long-term analysis of 
large animals ( 17 dogs and 2,3 baboons) thai rei eived gene-modi- 
fied cells identified no vector-mediated malignancies (15). More 
than 40 animals have now been followed a median time of 3. 1 years 
and have maintained normal hematopoiesis. 

Accumulating evidence from mouse si tidies suggest s I hat homeo- 
box B4 (HOXB4) overexpression enhances in vivo (16, 17) and ex vivo 
expansion of HSCs (18, 19). In contrast to the strong leukemogenic 
capacity of other members of the HOX gene clusters (20), HOXB4- 
expanded HSCs retain their normal differentiation and long-term 
repopulation potential, and no hematologic abnormalities have 
been detected in large groups of mice that were transplanted wil h 
HOXB4-transduced HSCs (16, 18). Our previous study in nonhuman 
primates showed that HOXB4 overexpression significant ly expands 
repopulating cells, in particular short-term repopulating cells (21). 

Here we charai terized the leukemias thai developed in the 3 
animals that received HOXB4-transduced CD34 + cells approxi- 
mately 2 years al ter rransplanranon. We compared the findings to 
a control group of animals that received i ransduced CD34 + cells 
with the same vector backbone but expressing the methylguanine 
methyltransferase (MGMT) gene. 

Results 

Development of leukemia in 3 animals approximately 2 years after trans- 
plantation. We investigated the effects of HOXB4 overexpression 
in the dog and nonhuman primate models. Our studies show- 
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Figure 1 

Development of leukemia in 2 dogs and 1 macaque transplanted with HOXB4-overexpressing CD34+ cells. Marking levels in granulocytes in 
dogs G374 (A) and G450 (B) and macaque K00339 (C). Representative marrow morphology at necropsy for G374 (D), G450 (E), and K00339 
(F). High numbers of blast cells were observed in the marrow. Subset analysis of marrow samples from G374 (G), G450 (H) and K00339 (I). 
After red blood cell lysis, nucleated marrow cells were stained with antibodies to the T cell marker CD3, B cell marker CD20 or CD21 , monocyte 
marker CD14, granulocyte marker Dm5 or CD13, and stem/progenitor cell marker CD34. 



ing the effect of HOXB4 on hematopoietic repopulating cells in 
nonhuman primates have been previously published (21). Simi- 
lar to our findings in nonhuman primates, we observed higher 
levels of HOXB4-overexpressing cells early after i mnsplant alion 
c ompared wil h levels after 1 month in dogs (Supplemeni al fig- 
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI34371DSl). One of the 3 dogs that received 
iTOXB4-transduced CD34 + cells died 3 months after transplan- 
tation due to transplantation-related complications. The other 
2 dogs (G374 and G450) were followed for 2 years. Approximate- 



ly 15 months after transplantation, we observed a spontaneous 
increase of HOXB4-marked cells in dogs G374 and G450, while 
control yellow fluorescent protein-marked (YFP-marked) cells 
gradually decreased to <0.1% (Figure 1, A and B). The same pat- 
tern was seen in macaque K00339 at 22 months after transplan- 
tation (Figure 1C). 

Dog G374 developed an increased white blood cell count with 
an increase in monocytes and a decrease in platelet count (Sup- 
plemental Figure 2). Bone marrow analysis confirmed the diag- 
nosis of acute myelomonocyi ic leukemia (figure ID). Dog G450 
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Figure 2 

Retroviral integration induced mutagenesis is associated with leukemogenesis. (A) Southern blot analyses of marrow samples from G374, 
G450, and K00339 demonstrate monoclonality. Marrow DNA was digested with Bglll, which cuts the transgene once, releasing a unique band 
for each integrant. Digestion with Sacl, which cuts the transgene twice, showed a 3.9-kb band for all the integrants. (B-D) Integration sites were 
determined by LAM-PCR, and the schematic representations of integration sites for G374 (B), G450 (C), and K00339 (D) are shown. Exons 
are represented by black boxes. MSCV indicates the integration site, and the arrow indicates the orientation. ATG denotes the translation start 
site. Note that exons and introns are not to scale. (E-G) Dysregulated expression of genes in close vicinity of the integration sites for G374 (E), 
G450 (F), and K00339 (G). SYBR Green real-time RT-PCR was performed to determine the expression levels of dog MYB (E), dog ZFP36L2 
and thyroid adenoma associated (THADA) (F), and macaque PRDM16, SSBP2, and SOCS1 (G). Canine PRDM16 (E) and macaque MAGOH2 
(G) expression was undetectable in samples from normal control animals. (G) Expression of NSMCE1 was undetectable in K00339 and control 
animals. Marrow mRNA samples from normal animals were used as controls. M, DNA ladder. 



developed pancytopenia and an increased number of leukemic 
blast cells in the peripheral blood 20 months after transplan- 
tation (Supplemental Figure 3). Bone marrow and peripheral 
blood analysis confirmed the development of acute myeloid 
leukemia (AML) (Figure IE). 

Twenty-five months after transplantation, macaque K00339 
developed a decreased hematocrit, an increase in nucleated red 
blood cells, and even I n ally an increase in white blood cells with 
circulating blasi s (Supplement al figure 4). Marrow analysis con- 
firmed AML (Figure IF). 

All the animals were euthanized due to deteriorating physical 
condition associated with leukemia. Pathological examination 
of bone marrow and other tissues confirmed the diagnoses of 
leukemia. Leukemic blasts from G450 and K00339 expressed 
CD34 (Figure 1, G-I), whereas only about 1% of blasts were 



CD34 + in G374. However, a leukemic cell line derived from G374 
expressed CD34 (see Figure 3C). 

Taken together, we observed the development of leukemia in 3 
animals. In all 3 cases the leukemia arose in HOXB4GFP-express- 
mg cells but not in YFP-expressing cells, suggesting that HOXB4 
is t he major com ribuior to the leukemia (P = 0.05). 

Gavrmaretrovirtis integration induced mutagenesis is associated with 
lenke?;iogcnesis. To examine t he clonalily of I he leukemia, we per- 
formed Southern blot analyses. In G374, we detected 2 bands 
with the same intensity, suggesting 1 clone with 2 integration 
sites (Figure 2A). Analysis of DNA samples from different time 
points after transplantation confirmed this result (Supplement al 
figure 5). In G450, we detected 1 band, demonstrating 1 clone 
with 1 integration site. DNA from K00339 showed 5 bands with 
the same intensity, suggesting 1 predominant clone with 5 inte- 
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Figure 3 

HOXB4 overexpression contributes to leukemogenesis. (A) 
Western blot analysis showed strong HOXB4 expression in 
marrow cells from leukemic animals. HOXB4-overexpress- 
ing dog cells in ex vivo culture were used as a positive con- 
trol and marrow cells from normal dog as a negative control. 
(B) Knockdown of PRDM16 or MYB decreased the prolif- 
eration rate of the dog G374 leukemic cells. (C) HOXB4 
knockdown in the leukemic cell line induced cell differen- 
tiation and (D) abolished cell proliferation. The stem cell 
marker CD34 and mature granulocyte marker Dm5 were 
used to evaluate cell differentiation. The leukemic cell line 
was cultured in medium supplemented with cSCF, thrombo- 
poietin, and Flt3-Leach at 100 ng/ml. 
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gration sices. PCR analysis of each integrant using DNA from a 
single colony derived from K00339 bone marrow confirmed this 
interpretation (data not shown). 

Integration sites were determined by LAM-PCR (22). In dog 
G374, the vector was integrated at 100 kb upstream of the c-myb 
transcription start site (TSS) in the reverse orientation, and a sec- 
ond provirus was integrated into intron 3 of PR domain contain- 
ing 16 (PRDM16) in the same orientation (Figure 2B). In G450, the 
vector was integrated at 90 kb downstream of ZFP36L2 TSS (Fig- 
ure 2C). Of interest, we also observed 1 integration site at PRDM16 
intron in K00339 (Figure 2D). Two integrants in this animal were 
at mtrons of single-stranded DNA binding protein 2 (SSBP2) and 
nonstructural maintenance of chromosomes element 1 homolog 
(NSMCE1) in reverse orientation, and 2 other integrants were at 
640 bp upstream of mago-nashi homolog 2 (MAGOH2) and 60 kb 
downstream of SOCS1 TSS (Figure 2D). 

WenexL explored whei her vei I or inlegraiion ai oncogenes result- 
ed in altered oncogene expression using real-time RT-PCR In mar- 
row from G374, expression of PRDM16 was detected, whereas in 
normal control samples PRDM16 was undetectable (Figure 2E). 
Further analysis demonstrated that the 5' LTR was spliced into 
exon 4, activating the short isoform PRDM16 (Supplemental 
Figure 6), which lacks the PR domain and has been reported to 
play an important role in leukemogenesis (23). In addition, MYB 
expression was also upregulated. 

In G450, integration at theZFP36L2 locus was associai ed wii li 
increased expression of ZFP36L2 and thyroid adenoma associ- 
ated (THADA) expression compared with control bone r 
cells (Figure 2F). 



Figure 4 

Increase in relative marking of leukemic clones overtime. Real-time 
PCR was performed for dogs G374 (A) and G450 (B) and macaque 
K00339 (C) using LTR- and chromosome-specific primers. Shown are 
relative values that were normalized to p-actin or GAPDH, which quan- 
tify total genomic DNA. Standard curves were generated using a series 
of 8 dilutions of necropsy marrow DNA samples from each animal. PB, 
peripheral blood. 



In K00339 bone marrow, we detected increased expression of 
PKDM16 and SOCS1 and decreased expression of SSBP2, a tumor 
suppressor (Figure 2G). Given that SOCS1 expression has been 
reported to be downregulated in many leukemic cells (24), it may 
suggesi ihai i he mi egrai ion site at the SOCS1 locus has not con- 
tributed lo leukemia. Expression oCNSMCFl was undetectable in 
all the samples, suggesting that it is a "passenger" integration sue. 
Virus integration upstream of the TSS also appeared to activate 
MAGOI12 expression; however, its 1 una ion in mammalian cells 
is largely unknown. Taken together, PRDM16 upregulation and 
SSBP2 downregulation, among other dysregulated genes, likely 
contributed to the development of leukemia in this animal. 
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Figure 5 

Characterization of macaque K03290, an animal with normal 
hematopoiesis. (A) Marking levels of K03290 in peripheral blood, 
which had been stabilized for more than 2 years. (B) Southern 
blot analysis showed multiple bands of HOXB4-overexpress- 
ing marrow cells. Digestion with Sacl, which cut the transgene 
twice, showed a 3.9-kb band for all the integrants. Bglll and 
EcoRI cut the transgene once, and so each band indicates an 
individual integrant. 



HOXB4 operexpression is responsible for leukemogenesis. Flow cyto- 
metric analysis showed high-level expression of HOXB4GFP in 
these animals, which was confirmed by western blot (Figure 3A). 
To further explore the mechanisms underlying leukemogenesis, 
we established a leukemic cell line from G374 bone marrow; this 
line grows robustly in the presence of cytokines and expresses 
CD34. We designed shRNAs to PRDM1 6, MYB, and HOXB4 to 
determine whether the increased expression of these genes has 
contributed to leukemogenesis. As shown in Figure 3B, down- 
regulai ion of PRDM16 and MYB expression only decreased the 
cell proliferation rate during a 3-week culture period without a 
change in ilie percentage of CD34 + cells and no differentiation. 
In contrast, downregulation of HOXB4 resulted in the complete 
disappearance of CD34 + cells, and most cells expressed the mature 
granulocyte marker Dm5 after 2 weeks (Figure 3C). These find- 
ings demonstrate that HOXB4 knockdown resulted in the differ- 
entiation of the leukemic cells. Furthermore, differentiated cells 
si opped growing after 3 weeks. These data demonstrate the ability 
of HOXB4 in concert with key cooperating genes to promote stem 
cell self-renewal and inliibii cell differenl ial ion in leukemic clones, 
thus eventually leading to overt leukemia. 

Taken together, these data suggest that HOXB4 played a pivotal 
role in leukemogenesis through its ability to effectively collaborate 
with cooperating mutagenic events. 

Dynamics of leukemic clones. We used SYBR Green real-time 
PCR to track and quantitate the leukemic clones in the animals 
(Figure 4, A-C). Between 1 and 2 months after transplantation, 
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(K03290) of 2 macaques that have been followed for more than 28 
months has not shown any evidence of abnormalities thus far. The 
marking levels in peripheral granulocytes have stabilized at 10% 
for HOXB4 and 2% for YFP (Figure 5A). Southern blot analysis 
of DNA from HOXB4GFP + marrow cells revealed multiple bands, 
indicative of polyclonal hematopoiesis (Figure 5B). LAM-PCR 
analysis of HOXB4GFP + cells showed 9 integration sites (Table 1), 
among which mitochondrial ribosomal protein S23 (MRPS23), 
CD9, MMP8, and IGFBP8 have been reported to be involved in 
I umorigenesis. Thus, even witli inlegraiion sues at oncogene loci, 
ibis macaque has noi developed malignancy yet. 

No evidence of abnormalities in animals that received MGMT-trans- 
duced cells. In contrast to the 3 of 4 animals that developed leu- 
kemia after transplantation of HOXB4-transduced cells, none 
of the more than 40 dogs and monkeys i ransplanl ed with trans- 
duced cells using transgenes other than HOXB4 and followed 
for an average of 3 years with marking levels greater than 1% 
have developed leukemia (P < 0.001). Among these animals were 
5 dogs that received the MGMTGFP-transduced cells using the 
same murine stem cell virus-based (MSCV-based) retroviral 
vector as was used for the HOXB4 studies. These animals also 
received multiple rounds of chemot lierapy after transplai 



Table 1 

Integration sites retrieved from WOAW-overexpressing cells 
in K03290 



c resu Its ( figure 1A and data not shown) and Southern blot 
analysis (Supplemental figure 5). 

The latency of about 1 year before the development of overt 
leukemia in all animals suggests that more mutations may have 
accumulated in that time period, leading to the development of 
leukemic blasts. Karyotype analysis of marrow cells from the 3 
leukemic animals, however, did not detect any gross abnormali- 
ties (data not shown). This does not rule out the possibility of 
gene deletions and duplications and accumulation of random 
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Figure 6 

Normal hematopoiesis in dogs that received MGMT- 
transduced cells using MSCV retroviral vector. (A) Sub- 
set analysis shows marked cells in all the lineages of 
blood cells. Analysis of peripheral blood from 2 repre- 
sentative animals is presented. (B) Southern blot analy- 
sis of marrow from 5 animals demonstrates polyclonality. 
Digestion with Bglll, which cuts vector once, releases 
a unique band for each integration sites, while diges- 
tion with Sacl, which cuts vector twice, releases a single 
internal control band of 1 .9 kb. 



Retroviruses have long been known to cause leuke- 
mia by insertional mutagenesis. Clonal dominance of 
hematopoietic stem cells by retroviral gene marking 
has been observed in a large group of mice (28, 29); 
furthermore, high-copy retroviral gene transfer of 
marker or drug resistance gene induced leukemia in 
mice due to combinatorial insertional mutagenesis 
(30, 31). Studies in nonhuman primates using retro- 
viral vector preparations containing replication-com- 
petent viruses induced T cell lymphoma (32). Using 
replication -incompetent viruses, there has only been 
1 report, by Seggewiss et al. (33), of insertional muta- 
genesis in nonhuman primates. The investigators 
found a fatal myeloid sarcoma in 1 monkey 5 years 
after transplantation with a MSCV-based RD114- 
pseudotyped retroviral vector. Interestingly this ani- 
mal had repopulated with only 1 clone and had also 
received 1 cycle of chemotherapy. This animal was 1 



of 7 a: 



lals that u 



e the marking levels (25, 26). Five years after trans- 
plantation, the marking stabilized at high levels, in particular 
for granulocytes (Table 2). Peripheral blood and marrow analy- 
sis showed normal hematopoiesis with no evidence of leukemia 
(Figure 6A). Furthermore, Southern blot analysis of bone mar- 
row DNA from these animals showed multiple bands, demon- 
strating polyclonality (Figure 6B). 

Integration site analysis of the 5 animals and many other long- 
term follow-up animals has been published elsewhere (22, 27). 
Interestingly, we detected virus insertions at similar genes, includ- 
ing CCDN3JAK1, LM02, MYH9, and PRDM16, without the devel- 
opment of leukemia, further support tug the hypothesis that inte- 
grations at oncogene loci alone may not be sufficient to initiate 
leukemogenesis. 

Discussion 

Here, we report that retrovirus-mediated HOXB4 expression in 
hematopoietic repopulat ing cells led t o monoclonaliry and leu- 
kemia in 2 out ol 2 dogs and 1 out oi 2 macaques, approximate!)' 
2 years after transplantation. In contrast, more than 40 dogs 
and monkeys received retrovirus-modified CD34 + cells with 
t ransgenes other than HOXB4, including 5 dogs that received 
MGMT-transduced cells using the same vector backbone as in 
the HOXB4 animals described here, and all of these animals 
have maintained normal polyclonal hematopoiesis after trans- 
plantation. A role of HOXB4 in the development of leukemia 
in these animals is further supported by HOXB4 knockdown 
experiments showing the differentiation of leukemic cells with- 
out HOXB4 overexpression. 



^ed for n 



investigators also po 
dev eloped leukemia o 
80 large animals that 



re than 5 years. These 
ut that this was the only animal that 
ormal hematopoiesis out of more i ban 
; been followed long-term (33). These 
observal ions in large animals, i oget her with clinical si em cell gene 
therapy trials for diseases other than SCID-X1, suggest that the 
development of leukemia induced by insertional mutagei 
alone occurs at very low incidence in large animal; 
while gene rherapv with a retroviral vector that expn 
or IL2R/ and possibly ol her growl h-promol ing genes 
increases the incidence of leukemogenesis. 

In our study, 3 of 4 animals that received HOXB4-overexpress 
ing cells and had a follow-up of at least 2 years developed leu- 
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Table 2 

Stable, high-level gene marking in granulocytes in dogs trans- 
planted with MGMTGFP-transduced repopulating cells 



Marking in granulocytes (%) 



G154 
G179 
G187 
G197 
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kemia, a higher incidence than in the SCID-X1 trials. This may 
be because HOXB4 promotes stem cell self-renewal and exten- 
sive expansion of myeloid progenitors (34), while IL2Ry expands 
only lymphoid cells. All 4 cases in the SCID-X1 trials were T cell 
leukemias, while all 3 leukemias in our study were myeloid leu- 
kemias, which is unlikely to be random coincidence. We would 
assume that there is no difference between these viral vectors in 
the initial selection of integration sites. Instead, our data suggest 
that it is a consequence of oncogene collaboration (or integra- 
tion site collaboration ). as suggested in a mouse study in which 
cooperativity between LM02 and IL2Ry was documented (35). 
Studies in our other animals have identified integration sites at 
LM02 (22). However, we did not detect any integrations in sites 
at LM02 in the gene -modified cells of the animals reported here, 
although we can not rule out that this occurred in minor clones 
but at levels below detection and without apparent consequence, 
perhaps due to HOXB4's reported ability to moderately suppress 
lymphoid repopulation (36, 37). Based on the activation of nearby 
genes known to be involved in leukemogenesis, the integration 
sites observed in the leukemic clones are very likely a consequence 
of sustained in vivo proliferation and selection in HOXB4-trans- 
duced repopulating cells. 

Both dogs and monkeys developed leukemia approximately 2 
years after i rans plant ai ion. The number of integrations associ- 
ated with the canine leukemias (1 or 2 integrations) was lower 
than in the monkey (5 integrations). In our previous studies we 
observed that HOXB4 expression levels were higher m dog c ells 
than in nonhuman primate cells and that HOXB4 overexpression 
allowed for immortalization of dog cells but not monkey cells 
(34), which would support a more pronounced effect of HOXB4 
in dog i ells. These findings suggest thai ..logs mav be more suscep- 
tible to leukemic transformation by HOXB4 (and perhaps other 
growth -promoting genes) and retroviral insertional mutagenesis. 
This possibility further suggests that the canine model may prove 
more sensitive for preclinical safety testing of candidal e rei roviral 
gene therapy vectors. 

Clone-tracking PCR analysis demonstrated a substantial clonal 
expansion during early engraftmem followed by a dormant phase 
lasting about 1 year. Growing evidence suggests that oncogenes 
induce DNA hyperreplication and DNA damage and that unre- 
paired or misrepaired damage eventually leads to clones capable 
of uncontrolled expansion (38, 39). In addition, a cancer muta- 
tor strain theory proposes that clones with hypermutations are 
associated with tumorigenesis (40). Thus, we propose that onco- 
gene an ivai ion mav increase mtitai ion rai es and accumulation ol 
malignant clones, eveni ually resuh ing in malignancies. 

Interestingly, HOXB4 overexpression has not been associated 
with leukemia in mice, although several other wild-type HOXA9 
(20, 41, 42) or mutant Hox fusions with NUP98 (42) are clearly 
leukemogenic. This may reflect diiferential potency ol 1IOXB4 
and other Hox transcription factors to have an impact on self- 
renewal versus differentiation in different species. We also spec- 
ulate that the much larger cell dose used for transplantation 
in these large animal models and the attendant larger number 
of mi egration sites (e.g., here we transplanted some 1,000-fold 
more retroviral integration sites compared with the mouse stud- 
ies) resulted in an increased chance of insertional mutagenesis. 
The increased time of follow-up — here, animals were followed 
for over a year, compared with the usually shorter times for mice 
— may also allow detection of long latency leukemias in larger 



animals. Together, these findings highlight the importance of 
using large animal models for preclinical safely resting of gene 
therapy approaches involving genetic manipulation of primitive 
hematopoietic cells. 

The 5 animals that received MGMT-expressing cells showed 
normal hematopoiesis even at 5 years after transplantation and 
with similar in i egral ion sit es ai oncogene loci. Our observai ions 
emphasize ihai the benefits of stem cell gene therapy can outweigh 
its potential risks in cases like MGMT-based gene therapy, where 
rraiisgene-expressing cells do not possess an intrinsic growth 
advantage over control cells. 

In conclusion, our findings in 2 clinically relevant large animal 
models suggest that transgenes capable of expanding hemato- 
poietic repopulating cells may pose an increased risk of leuke- 
mogenesis relative to transgenes that do not confer an intrinsic 
consi ii ut ive selective advantage. Thus, our data suggest the con- 
tinued need lor caution in genetic manipulation oi repopulating 
cells, particularly when the transgene may confer an intrinsic 
selective growth advantage. In addition, large animal studies, 
in particular dog studies, should be highly valuable models in 
assessing safety of retroviral vectors. 

Methods 

i IS I i j i i . I i 1 i ' i i 

versity of Washington National Primate Center, and dogs were housed at 
the Animal Health Resources unit of the Fred Hutchinson Cancer Research 
Center. All animal experiment s and manipulations conducted were previ- 
oush approved by the IACUCs of the Fred Hutchinson Cancer Research 
Center and the University of Washington. 

Transplantation i if I ! \, ft i //> I ]ual aliquots of MACS-purified 

CI) ll i \ i 1 iix RI ) 1 14 i \ 

maretroviral vector MSCV-HOXB4-ires-GFP or control MSCV-ires-YFP 
after 2 days of prestimulation in Iscove's modified Dulbecco's medium 
(IMDM) supplemented with 12.5% horse serum, 12.5% fetal bovine serum, 
10- 6 M hydrocortisone, lCM M p-mercaproerhanol, 2 mlvl glutamme, 
1% penicillin/streptomycin (xlOO liquid; Invitrogen) in the presence, of 
Flt3-L, canine SCF, and canine G-CSF, each at 50 ng/ml. For transduction, 
cells were exposed t o retroviral vectors at an MOI of 1-2 for 4 hours in the 
presence of growth factors. After overnight culture in media conl .lining 
growth factors, cells were re-exposed to the same MOI of concentrated vec- 
tor for 4 hours. Immediat cly aii er this second exposure, cells w ere washed 
and infused into lethally irradiated animal (920 cGy). The transduction 
and transplantati nil. Is li hi usly reported (21). 

FACS. Flow cytometry was used to determine the marking levels of 

that do not express GFP were used for gating. For subset analysis of 
dog cells, CD3, CD21, CD14, CD34, and Dm5 antibodies were used. For 
subset analysis of macaque cells, CD3, CD20, CD 14, CD 13, and CD34 

Morphology. Bone marrow biopsy or necropsy smears were prepared 
for morphologic , il examination. Glass slides were stained with Wright- 
Giemsa stain. Digital pictures were taken with a Nikon microscope. 
Pathologists performed necropsy analysis of tissue samples from the 
dogs and monkey. 

Southern blot analysis. Southern blot was performed to determine doi i.il- 
ity. DNA from the marrow of animals was extracted using a Puregene DNA 
Purification Kit (Gentra Systems). DNA (20 |xg) was digested overnight with 
1 >gl II, 1 \ oRJ, or SacI and electrophoresed on 0.8% agarose gel. Denatured 
DNA was transferred to N + nylon membrane and hybridized in Quick- 
Hyb solution (Amersham) with 32 P-labeled ires-GFP, which was cut from 
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the MSCV-HOXB4-ires-Gf 1> plasimd. I hybridization signals were detected 
using a Typhoon Phosphor Imaging System (Amersham Biosciences). 

Integration site analysis. Integration site analysis was performed using 
LAM-PCR as described previously (22). The PCR products were cloned 
into TOPO vector for sequencing. The retrieved sequences were aligned 
with dog genome assembly May 2005 or rhesus macaque genome assembly 
January 2006 at the University of California Santa Cruz (UCSC) Genome 
Browser Web site (littp://genome.ucsc.edu/cgi-biii/hgl31aL?command=star 
lexers; 1 )og | for dogs | ,ii k] hup: '/genome. ucsc.edu 'cgi-bin '1 lgBlatPcomma 
i | for rhesus | i i i H 

KriOLkJ.ci.rri experiments. A loukoimo cell line was derived from [lie marrow 
of dog G374 at necropsy. Cells were cultured in IMDM supplemented in 
12.5% horse serum and 12.5% fetal bovine serum in the presence of canine 
SCF, thrombopoietin, and Flt3-L, each at 100 ng/ml. shRNA constructs 
were cloned into an LMP vector (Open LSiosysLcms) i li.il coexpressed puro ' 
gene. DounreouLiuon of 1 he targe led genes was eoi i firmed by real-time PCR. 
Phoenix RD 114 pseudotyped viral vectors were produced by transient trans- 
fection of 293T cells. The leukemic cells were transduced with viral vectors 
and selected with 5 ug ml puromycin the next dav Selected cells were kept in 
culture or harvested for RNA extraction and real-time RT-PCR analysis. 

Real-time RT-PCR. Total RNA was extracted using RNeasy Mini Kit 
(Qiagen). Residual UNA was eliminated by UNase 1 treatment. Canine 
or macaque mRNA sequences were determined by aligning human RNA 
sequences with canine or macaque genome sequences at the UCSC Genome 
Browser Web site (http://genome.ucsc.edu/). Reverse transcription was 
performed using ThermoScript RT-PCR System (Invitrogen). Primers 
were designed wit li Primer 3.0 program, for ,jii,in(iuii\v analysis of gene 
expression, SYBR Green real-time PCR was performed on 7500 Real Time 
PCR System (Applied Biosystems). The data were normalized to GAPDH 
for monkey samples or to ff.ictin for dog samples. 
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( '.lone tracking real-time L'CR. Two primers, one on MSCV transgene and 
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track the contribution of the leukemic clone to hematopoiesis. For SYBR 
Green real-time PCR, genomic DNA samples from marrow at necropsy 
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HOXB4GFP* cells were from the leukemic clone, which was supported 
by Southern blot data. 

Western blot. ISone marrow col Is from the leukemic animals and control 
normal animal were subjected to protein extraction and western blot analy- 
sis of HOXB4 expression, which has been detailed elsewhere (21). 

Statistics. We analyzed the data by Fisher's exact test. P values less than 
0.05 were considered to be statistically significant. 
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Differential and Common Leukemogenic Potentials of Multiple 
NUP98-Hox Fusion Proteins Alone or with Meisl 
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NUP98-Hox fusion genes are newly identified oncogenes isolated in myeloid leukemias. Intriguingly, only 
Abd-B Hox genes have been reported as fusion partners, indicating that they may have unique overlapping 
leukemogenic properties. To address this hypothesis, we engineered novel NUP98 fusions with Hox genes not 
previously identified as fusion partners: the Abd-B-like gene HOXA10 and two Antennepedia-like genes, HOXB3 
and HOXB4. Notably, NUP98-HOXA10 and NUP98-HOXB3 but not NUP98-HOXB4 induced leukemia in a 
murine transplant model, which is consistent with the reported leukemogenic potential ability of IIOXA10 and 
HOXB3 but not HOXB4. Thus, the ability of Hox genes to induce leukemia as NUP98 fusion partners, although 
apparently redundant for Abd-B-\ikn activity, is not restricted to this group, but rather is determined by the 
intrinsic leukemogenic potential of the Hox partner. We also show that the potent leukemogenic activity of 
Abd-B-like Hox genes is correlated with their strong ability to block hematopoietic differentiation. Conversely, 
coexpression of the Hox cofactor Meisl alleviated the requirement of a strong intrinsic Hox-transforming 
potential to induce leukemia. Our results support a model in which many if not all Hox genes can be 
leukemogenic and point to striking functional overlap not previously appreciated, presumably reflecting 
common regulated pathways. 



The clustered homeobox Hox genes encode a highly con- 
served family of transcription factors characterized by a 60- 
amino-acid DNA binding motif, the homeodomain. While Hox 
genes were first recognized for their prominent roles in em- 
bryonic development, their involvement in both normal and 
malignant hematopoietic processes is now well documented (2, 
6, 30). 

A central role for Hox genes in hematological malignancies 
is supported by the frequently observed elevation of Hox gene 
expression in acute myeloid leukemia (AML) (11, 14, 20) and 
the common involvement of their upstream regulator, MLL, in 
both myeloid and lymphoid leukemia (8). A more direct in- 
volvement for Hox genes in leukemia is supported by their 
frequent fusion to the nucleoporin gene NUP98. Hox genes are 
the most frequent fusion partner in an ever-growing number of 
NUP98 fusion genes isolated almost exclusively in patients with 
myeloid leukemia (AML, posttherapy AML, and chronic my- 
eloid leukemia). Reported Hox partners of NUP98 include 
HOXA9 (3, 21), HOXD13 (27), HOXA13 (9), HOXA11 (9), 
HOXC11 (35), and HOXC13 (19). All NUP98-Hox fusions 
reported to date consist of the N terminus of NUP98, contain- 
ing a region of multiple phenylalanine -glycine (FG) repeats 
that may act as a transcriptional coactivator through binding to 
CBP/p300 (13), and the C terminus of the Hox gene product, 
containing the intact homeodomain and various extents of 
flanking amino acids. The leukemogenic potential of such chi- 
meric proteins was confirmed for NUP98-HOXA9 (NA9) and 
NUP98-HOXD13 (ND13) in retrovirally transduced murine 
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bone marrow transplantation models with both genes inducing 
AML and/or a myeloproliferative syndrome (16, 25). The 
transforming potentials of NA9 and ND13 were found to be 
dependent on the ability of their homeodomains to bind DNA 
(13, 25), and the Pbx interacting motif of HOXA9 in NA9 was 
found to be dispensable, suggesting that the Hox DNA-binding 
domain is the minimal and possibly only significant contribu- 
tion of the Hox fusion partner. 

The leukemogenic activity of Hox genes is not restricted 
to chimeric NUP98-Hox proteins, since HOXB8, HOXA10, 
HOXB3, and HOXA9 have previously been shown to induce 
AML upon engineered overexpression (15, 24, 31, 37). This 
suggests that a key result of NUP98 fusion with Hox is dereg- 
ulated expression of Hox-responsive genes by the chimeric Hox 
protein, in which NUP98 replaces the transcriptional activity of 
the Hox N-terminal region (13). Consistent with this, both 
HOXA9 and NA9 studied in similar experimental settings are 
leukemogenic and block myeloid progenitor differentiation in 
interleukin-3 and granulocyte-macrophage colony-stimulating 
factor (7, 16). Nevertheless, differences in disease latency, co- 
operativity with Meisl, and other in vitro growth properties 
suggest that NUP98-Hox fusions have different properties 
compared to their normal counterparts. For instance, in vitro, 
HOXA9 did not replicate the effect induced by NA9, such as 
proliferation in stem cell factor and granulocytic differentiation 
block with granulocyte colony-stimulating factor (7). 

Intriguingly, so far only Hox genes belonging to the Abd-B- 
like Hox paralog groups (groups 9 to 13) have been character- 
ized as NUP98 fusion partners, and within those, only members 
from paralog groups 9, 11, and 13 have been observed. Thus, it 
may be that only a subset of Hox genes, sharing potential 
overlap in gene targets and/or pathways, can complement 
NUP98. Outside of the Abd-B-\ike Hox genes, it is of interest 



1907 



1908 PINEAULT ET AL 



Mol. Cell. Biol. 



that HOXB4, while having potent ability to enhance hemato- 
poietic stem cell (HSC) expansion is on its own nonleukemo- 
genic, whereas the near neighbor HOXB3 can cause marked 
myeloproliferation and ultimately leukemia (1, 31). These find- 
ings raise the interesting question as to the intrinsic leukemo- 
genic potential of Hox genes across the clusters and to their 
leukemogenic potential in the context of fusion genes. 

The leukemic potential of intact Hox genes, such as HOXB3 
and HOXA9, and NUP98 fusions with HOXA9 or HOXD13 has 
been shown to be increased by co-overexpression of Meisl (15, 
22, 25, 36) as evidenced by decreased disease latency. The basis 
for this cooperativity is unclear because, although in vitro stud- 
ies have suggested that Meisl expression can synergize with 
Hox genes in promoting a stronger differentiation block of 
Hox-transformed myeloid progenitors (5), it does not show 
leukemogenic activity on its own in vivo (16, 25). Understand- 
ing the role of Meisl is further complicated by the fact that 
several of the known collaborating Hox proteins involved lack 
the ability to physically interact with Meisl, as in the case of 
HOXB3 and ND13. Finally, it is not clear whether all NUP98- 
Hox fusions could be strongly complemented by Meisl since 
the leukemogenic potential of NA9 was only weakly aug- 
mented by Meisl, whereas Meisl strongly complemented ND13 
(16, 25). 

The principal objectives of the work described here were to 
test whether the preferential identification of Abd-B-\ike Hox 
genes as NUP98 fusion partners in human leukemias is a con- 
sequence of their special intrinsic properties or, on the con- 
trary, whether other Hox genes might share the functional 
capacity to form oncogenic NUP98 fusion genes. The leuke- 
mogenic potential of various NUP98-Hox fusion genes repre- 
senting Hox genes of different paralog groups and different 
leukemogenic potentials was tested in vivo, alone and in con- 
cert with Meisl, to enlarge the knowledge of the role of Meisl 
in Hox-related leukemia. Furthermore, in order to gain further 
insight into the mechanism(s) of Hox-mediated leukemia, we 
analyzed the impact of the native and NUP98-fused Hox genes 
on bone marrow differentiation and proliferation. 

MATERIALS AND METHODS 

Retroviral vectors and engineering of novel NUP98-Hox fusion genes. The 
murine stem cell virus (MSCV) Flag-NUP98-HOXD13 (ND13) internal ribo- 
somal entry site (IRES)-enhanced green fluorescent protein (eGFP), MSCV 
ND13 IRES-eGFP, MSCV Meisl IRES-yellow fluorescent protein (YFP), 
MSCV HOXB4 IRES-eGFP, and MSCV HOXA10 IRES-eGFP viral vectors 
used wer e previously described (1, 4, 25). We engineered the fusion of the cDNA 
portion corresponding to the homcobox-containing exon ol 1KIXAI0 (M T<>,S- 
HOXA10; NA10), HOXB4 (NB4), and HOXB3 (NB3) with the NUP98 portion 
found in the ND13 fusion gene, which consists of exons 1 to 12 oiNUP98 (Fig. 
1A). All gene fragments were obtained by PCR from cloned cDNAs with the 
Platinum Taq DNA polymerase High Fidelity (Invitrogen, Burlington, Canada); 
the primer sequences are available in the appendix. Constructs were validated by 
sequencing and correct t pression and t insmi ion v re confirmed by Western 
blot and Southern blot analysis (Fig. IB and C). 

Mice and retroviral infection of primary bone marrow cells. Parental strain 
in ice were bred and maintained at the British Columbia Cancer Research ( 'cm re 
animal facility. Donors of primary bone marrow cells were (C57BL/6Ly-Pep3b X 
C3H/HeI)F 1 mice and recipients were (C57BI76.I X C3H/He.f)F 1 (B6C3) mice. 
Primary mouse bone marrow cells weie liansduced a , pie. iously described (25). 
Briefly, bone marrow cells were harvested from mice treated 4 days previously 
with 150 mg of 5-fluorouracil/kg (Faulding, Underdaler , Australia) and stimu- 
lated for 48 h in fHilbecco's modified Fagle's medium supplemented with 15^. 
fetal bovine serum, 10 ng of human interleukin-6 per ml, 6 ng of murine intcr- 
leukin-3 pel ml, and 100 ng of murine stem cell factor (Stem( ell technologies 




FIG. 1. Engineering of novel NUP98-Hox fusion genes. (A) Three 
new NUP98-Hox fusion genes were engineered by fusing the cDNA 
sequence corresponding to the homeobox-containing exon oiHOXAlO 
(NA10), HOXB4 (NB4), and HOXB3 (NB3) to that of NUP98. Only 
NA10 retained its Pbx-interacting motif, which is indicated as a black 
rectangle. The left grey boxes indicate the Flag tag, and the homeodo- 
mains are illustrated as light grey rectangles. (B) Western blot analysis 
of cell extracts from transduced BaF3 cells with a monoclonal Flag 
antibody. (C) Southern blot analysis showing full-length proviral inte- 
gration of the various NUP98-Hox IRES-GFP viral vectors in trans- 
duced bone marrow cells. (D) NA10 expression provides bone marrow 
cells with a growth advantage in vitro. The proportion of transduced 
GFP + bone marrow cells over time in liquid culture established with 
nonpurified transduced bone marrow cells is shown. Results of a rep- 
resentative experiment are shown: mean ± standard deviation of trip- 
licate culture (n = 3). (E) Expression level of the GFP reporter gene 
in circulating leukocytes from mice transplanted with NB4, NA10, 
NB3, and ND13 transduced bone marrow cells 8 to 13 weeks post- 
transplant. Histogram profiles of representative and GFP control 
(CTL) mice are shown. 



Vol. 24, 2004 



LRUKF.MOGRNIC POTRNTIALS OF MUFFIPFR NUP98-Hox PROFFINS 1909 



lice transplanted with singly 
3 13 week posttransplant" 



.10" m 



< ,77' (control) 63.5 ± 11.5(8)* 

NA10 70.7 ± 5.9 (7) 

NB4 69.5 ± 5.6 (10) 

A10 50.7 ± 14.5 (7) 

B4 63.6 ± 10.3 (6) 



± SD 

7.9 ± 1.5 (6) 10.8 ± 1.0 (7) 

7.7 = 2.0(7) 11.3 = 1.6(3) 

7.8 + 1.3(10) 9.8 1.0(9) 
9.0_3.6 (7) 10.7 ±1.1 (3) 

6.9 = 1.3 (6) 9.1 = 1.7 (6) 



i indcpcndcol cohotls. 



Inc., Vancouxci, Canada) pel ml. All hone mat row culluics used medium. The 
cells were infected by cocultivation with irradiated (4,000 cGy of X-ray) GP- 
E-86 viral producer cells with the addition o! 5 of protamine sulfate (Sigma, 
Oakville, Canada) per ml. 

A 1:1 mixture of producers of the NUP98-Hox viruses (with the green fluo- 
rescein protein |( ilTJ marker) and Meisl virus (with the i 11' marker) was used 
to coinfect bone marrow cells. Loosely adherent and nonadherent cells were 
harvested from the cocultures after 2 days and cultured for 48 h in the same 
medium without prolamine sulfate. Where indicated, transduced cells were 
highly purified based on expression of GFP, YFP, or both fluorescent proteins 

|i 1ACSA anlagc (liccl I i 1 in n It i i nada pi i I 

described (25). 

Bone marrow transplantation and monitoring of recipients. Purified GFP + 
and/or nonpurified (unsorted cells) transduced bone marrow cells were injected 
into the tail vein of irradiated (900 cGy of 137 Cs -y-radiation) recipient F x B6C3 
mice. Mice transplanted with singly transduced bone marrow cells received from 
1.4 X 10 5 to 3.5 X 10 5 GFP- cells/transplant and mice injected with doubly 
transduced cells received from 0.2 X 10 4 to 8.0 X 10 4 GFP + /YFP + bone marrow 
cells. For peripheral blood, bone marrow, and spleen cell analysis, single-cell 
suspensions were stained with the following monoclonal antibodies: phyco- 
erythrin-labeled Gr-1, Mac-1, B220, Ter-119, and c-Kit (all obtained from 
Pharmingen, San Diego, Calif.). The immunoglobin E (IgE) receptor was de- 
tected with a polyclonal biolim lalcd anli-Igl iceeploi antibody (SlemCell Tech- 
nologies Inc.) followed by streptavidin-phycoerythrin (Pharmingen, San Diego, 
Calif.). Morphological analysis of peripheral blood, bone marrow, and spleen 
cells and histological analysis were performed as previously described (25). 

above. I >i Herein ial ion ol clonogenic progenitors was anah/.cd In plating cells in 



nethvlcell 



meditn 



(Methoci 



•r pen i c 



StcmCcll technologies Inc.), containing 10 ng of murine 

cell factor per ml, and 3 U of human erythropoietin per ml. Colonies were scored 
microscopically with standard criteria after S to 10 days. 

CFU-S assay. GFP + purified bone marrow cells were first cultured for 7 days 
bcfoie injection. The total eel! piogcin dom the stal ling equivalent (day 0) of 6 
cells up to 1 X 10 6 cells were then injected into irradiated recipient mice. The 
rcco\cr\ ol ( T'l '-spleen (( TV -Si cells w as meastned b\ determining the number 
of macroscopic colonies on the spleen at day I? postinfection after fixation in 
Telleyesnickzky's solution. 

Southern blot analysis. Genomic DNA was isolated with DNAzol reagent as 
recommended by the manufacturer (Invitrogen), and Southern blot analysis was 
performed as previously described (29). The stable integration of the provirus 
was eonl'umed b\ digesting the DNA with Y/.vI (cutting in each long terminal 
repeat) and then the DNA-containing membrane was probed with 32 P-labeled 
GFP cDNA. For clonality analysis DNA from NUP98-Hox plus Meisl primary 
oi secondary transplant recipients was digested with EcvR I and probed w ith a 
32 P-labeled NUP98 cDNA. DNA from HOXB4-plus-Meisl- and HOXAlO-plus- 
Meui-transplanted mice was digested with Xhol and EcoRl and hybridized to 
HOXB4- or HOXAlO-speciftc probes, respectively. 

Western blot analysis. Transduced BaF3 cells (infected with the same proce- 
dure as that for bone marrow) were lysed (400 mM NaCl, 0.1% Triton, 0.1 M 
HEPES, pH 7.5). Cell lysate was loaded onto a 10% Bis-Tris polyacrylamide gel 
(NuPAGE [NP0303], Invitrogen) and blotted to a Biotrace polyvinylidene diflu- 
oride membrane (Pall Corporation, Ann Arbor, Mich.). A monoclonal anti-Flag 
(M2, Sigma) and a donkey horseiadish peioeidase-eonjugaled anti-mouse im- 
munoglobulin antibody were then used (Jackson InimunoResearch Lab. Inc., 
West Grove, Pa.). Protein expression was detected with an enhanced Luminol 
reagent (Renaissance, Boston, Mass.). 




tm mat 2m m m *w 

Days post-trarjspfant 
14,4 14, J 15.1 CTL 




" GFP 

FIG. 2. Novel fusion gene NUP98-HOXA10 but not NUP98- 
HOXB4 induces leukemia in mice. (A) Survival curve of mice trans- 
planted with NA10 {n = 8), NB4 (n = 16), ND13 (n = 13), and GFP 
(n = 12) transduced bone marrow. ( Hi Immitnopheiiotyping of leuke- 
mic cells. Flow cytometry profiles of bone marrow cells for three sick 
NA10 recipients and one control mouse (CTF) are shown. Rxpressii m 
of GFP is shown on the x axis and that of the cell surface antigens on 
the y axis. Uns, unstained. 



Statistical anal;, sis. I lata were slatisl iealh tested w ith the / lesl lor dependent 
or independent samples (Microsoft Excel i. PilVcrences w ith /'values <0.05 were 
considered statistically significant. 

RESULTS 

Redundancy of the ability of Abd-B-\ike Hox genes to cause 
AML as NUP98 fusion partners. The increasing list of Abd-B- 
like Hox genes that have been identified fused to NUP98 in 
human AML strongly suggests a functionally equivalent role 
for this closely related group of genes in leukemia. Interest- 
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TABLE 2. Hematological characteristics of diseased NA10 mice 



Mice (no.) 


Mean day of 
sacrifice ± SD 


Mean no. of whin- Hood 
cells (10 6 /ml) ± SD 


Mean no. of red blood 
cells (10 9 /ml) ± SD 


Mean spleen wt 

(g) ± SD 


Mean % blasts in 
marrow ± SD 


NA10 (5) 

Normal B6C3 control (3) 


257 ± 70.2 


113.5 ± 149 
7.1 ± 6.6 


2.7 ± 1.8 

6.8 ± 1.4 


0.59 ± 0.27 
0.10 ± 0.02 


36 ± 9 
8.2 ± 2.7 



ingly, however, this list does not include any of the Hox genes 
belonging to the 10th paralog group, even though HOXA10 has 
been reported to be leukemogenic in mouse models. This 
raises the possibility that Hox genes of the 10th paralog group 
do not possess the properties required to form leukemogenic 
NUP98 fusion genes. To clarify this issue, we engineered a 
novel NUP98-Abd-B fusion gene, NUP98-HOXA10 (NA10), 
and studied the effect of its overexpression in a mouse bone 
marrow transplantation model. To construct NA10, the cDNA 
portion corresponding to the second exon of HOXA10, con- 
taining its homeodomain and Pbx-interacting motif, was fused 
in frame to the NUP98 portion found in ND13, thus recapitu- 
lating a typical NUP98-Hox fusion gene (Fig. 1). NA10 cDNA 
was cloned into the MSCV-IRES-GFP retroviral vector, in 
which an internal ribosomal entry site allows the cotranslation 
of the GFP reporter gene and NA10. 

Expression of NA10 provided freshly transduced bone mar- 
row cells with a strong growth advantage, as evidenced by the 
increasing proportion of transduced GFP + cells over time in 
liquid culture (Fig. ID). This effect was similar to that induced 
by ND13 and provided initial support for HOXA10 as an 
oncogenic NUP98 fusion partner. To determine whether the 
growth advantage could translate into leukemogenic activity in 
vivo, lethally irradiated mice were reconstituted with NA10- 
transduced bone marrow cells. 

A^iO-transduced bone marrow cells reconstituted the he- 
matopoietic system of irradiated mice efficiently, with the pro- 
portion (Table 1) and expression levels of GFP + mononuclear 
cells (Fig. IE) similar to that observed for ND13 control- 
transplanted mice. No significant differences were observed in 
the number of white blood cells and red blood cells in the 
NA10 and control HOXA10 and GFP recipients 8 weeks post- 
transplant (Table 1). However, as first detected at 24 weeks, 
three out of eight healthy-looking NA10 mice displayed ele- 
vated white blood cell numbers (14 X 10 6 to 35 X 10 6 /ml) due 
to increased myeloid cells (Grl + and/or Macl + ), consistent 
with a mild myeloproliferative condition, as previously ob- 
served in some ND13 and NUP98-HOXA9 mice (16, 25). 

Recipients transplanted with A^4i0-transduced bone mar- 
row cells had a much reduced survival rate compared to GFP 
controls but similar to that observed for control ND13 mice 
(Fig. 2A), with a median survival of 223 days. Examination of 
sick NA10 recipients revealed that they had elevated white 
blood cell counts (3- to 50-fold above normal), anemia, and 
splenomegaly (Table 2). An AML phenotype was confirmed by 
Wright-Giemsa staining of bone marrow cytospins, which re- 
vealed a high proportion (>25%) of blast cells in the marrow 
of the sick NA10 recipients (Fig. 3 A; Table 2). The myeloid 
nature of the leukemic cells was confirmed by flow cytometry 
(Fig. 2B), which revealed that the majority of the leukemic 
bone marrow cells stained positive for Macl, Grl, and c-Kit, 
although a small degree of phenotypic heterogeneity was ob- 



servable among different mice. This phenotypic variability 
likely reflects small differences in the predominant stage of 
differentiation impairment influenced by the level of NA10 
expression or the nature of an extra mutation(s) acquired dur- 
ing leukemia progression (see below). 

All leukemias originated from transduced bone marrow 
cells, as confirmed by GFP expression (Fig. 2B) and Southern 
blot analysis, which detected the presence of the intact NA10 
provirus (data not shown). Histopathological analysis con- 
firmed significant infiltration of immature myeloid cells in the 
spleen, liver, kidneys, and occasionally in lungs (data not 
shown). The leukemia was transplantable, and all secondary 
recipients injected with as few as 5,000 bone marrow cells also 
developed AML, with a latency ranging from 31 to 69 days 
(three primary mice tested). The much-reduced disease latency 



A 
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NB4/M B4/M 



9$jr » — ,w 2 - 2 

FIG. 3. Wright-Giemsa staining of leukemic bone marrow cells 
haiAeMed from moribund NUP98-HOXA10, NUP98-Hox/Meisl , and 
HOX/Meisl mice. Staining of leukemic bone marrow cells harvested 
from moribund NA10 mice (A) or from moribund NUP98-Hox/Meisl 
and HoxIMeisl mice (B). M, Meisl. 
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seen in the secondary transplants argues that additional muta- 
tions had been acquired during the genesis of the leukemias. 
As previously reported and confirmed here, control HOXA10 
(data not shown) and ND13 recipients also developed AML 
over time (25, 37). In contrast to the reported disease kinetics 
observed between HOXA9 and NA9 mice (16), HOXA10, as- 
sociated with a median survival of 151 days, induced AML 
faster than NA10. Together, these results demonstrate that the 
Abd-B-\ike HOXA10 gene is a potent oncogenic NUP98 fusion 
partner and support a model in which all members of this class 
of Hox genes have overlapping leukemogenic properties. 

Fusion of the nonleukemogenic HOXB4 gene to NUP98 does 
not cause AML. The results presented above supported the 
hypothesis that Abd-B-\ike Hox genes have common trans- 
forming properties that can be complemented by fusion to 
NUP98. However, it remained possible that any Hox ge ne, 
regardless of its intrinsic leukemogenic potential, could form 
an oncogenic fusion gene with NUP98. To investigate this, we 
engineered a fusion between NUP98 and HOXB4, a Hox gene 
previously found to be nonleukemogenic in transplant models 
and not yet implicated in human leukemia. 

In contrast to NA10, NB4 did not induce leukemia even after 
follow-up of 1 year (Fig. 2A). This lack of leukemogenic ac- 
tivity was not attributable to low-level engraftment or expres- 
sion levels, as evident from GFP expression in peripheral blood 
mononuclear cells (Table 1 and Fig. IE). During that obser- 
vation period, three NB4 and two GFP recipients died of un- 
known causes with no evidence of myeloproliferative disorder 
or hematological abnormalities. Clonogenic progenitor assays 
and fluorescence-activated cell sorter (FACS) analysis of the 
marrow of one of the NB4 mice revealed no apparent pertur- 
bation, and all secondary bone marrow transplants remained 
healthy (>47 weeks). These results indicate that the fusion of 
NUP98 to HOXB4 was without detectable leukemogenic activ- 
ity and thus suggest that not all Hox genes can form leukemo- 
genic NUP98 fusions. 

To discriminate between the possibilities that HOXB4 could 
not complement NUP98 due to lack of intrinsic leukemogenic 
activity or that only Abd-B genes are able to collaborate with 
NUP98, we engineered a fusion between NUP98 and another 
Antennapedia-like Hox gene, HOXB3, that on its own has been 
shown to induce AML. Low viral titers resulted in sufficient 
numbers of GFP + NB3 cells to transplant only two mice; 
nevertheless, one of two NB3 recipients developed leukemia, 
as evidenced by a high white blood cell count (110 X 10 6 /ml), 
low red blood cell count (5.3 X 10 9 red blood cells/ml), spleno- 
megaly (0.58 g), and a proportion of blasts of 21% in its 
marrow at «=235 days posttransplant, a latency similar to that 
reported for the intact HOXB3 gene (31). Together, these data 
suggest that the ability of Hox genes to form leukemogenic 
fusions with NUP98 is not restricted to Abd-B-\ike Hox genes, 
but may rather be determined by the intrinsic leukemogenic 
potential of the Hox gene fused. 

Redundant ability of Hox and NUP98-Hox genes to cause 
AML in collaboration with Meisl is independent of their in- 
trinsic leukemogenic potential. The Hox cofactor Meisl has 
been shown to reduce the time of disease onset for several 
//ox-induced leukemias, suggesting redundancy in the ability of 
Hox genes to collaborate with Meisl. A second important ob- 
servation arising from these studies is that the strength of this 



cooperation seems to correlate with the intensity of the leuke- 
mogenic potential of the Hox gene involved. In order to clarify 
these issues, we investigated the potential synergy between 
Meisl and NA10 (a strong oncogene), NB3, and NB4 (nonon- 
cogenic). In addition, to determine whether the synergy be- 
tween Meisl and the fusion genes reflects an intrinsic property 
inherited from their normal Hox counterparts, both HOXA10 
and HOXB4 were coexpressed with Meisl in vivo. 

Bone marrow cells were cotransduced with the various 
NUP98-Hox-IRES-GFP and Meisl -IRES-YFP retroviruses 
and injected into irradiated mice. Strikingly, all fusion and Hox 
genes tested collaborated with Meisl to induce leukemia, as 
evidenced by reduced disease latency or, in the case of NB4 
and HOXB4, conversion to leukemogenic activity (Fig. 4A and 
B). Expression of Meisl alone did not cause disease, as previ- 
ously reported (15). Moreover, the median survival seen with 
Meisl in combination with NA10 or HOXA10 was much shorter 
than in combination with NB3, HOXB4, or NB4 (Fig. 4B), 
reflecting the previously documented different leukemogenic 
potencies of the Hox genes by themselves. Moreover, although 
as single factors NB4 and HOXB4 were unable to induce leu- 
kemia, both genes were equally capable of inducing the disease 
with indistinguishable latency in combination with Meisl (Fig. 
4A and B; Table 3). This ability of nonleukemogenic Hox genes 
to cause AML in collaboration with Meisl further supports the 
redundancy of such collaboration. 

The phenotype of the diseased NAIO/Meisl (NA10/M), 
A10/M, NB4/M, and B4/M mice closely resembled that in- 
duced by NA10 and that previously reported from ND13/M 
(25), with elevated white blood cell counts, anemia, spleno- 
megaly, and a high percentage of poorly differentiated myeloid 
blasts in the bone marrow (Fig. 3B; Table 3). The myeloid 
phenotype of the leukemic cells was confirmed by flow cytom- 
etry (predominantly Gr-1 + Mac-1 + B220" CD4/8", data not 
shown). Importantly, flow cytometric data from representative 
mice (Fig. 5 A) revealed that leukemic bone marrow cells were 
positive for coexpression of the transduced genes, as evidenced 
by the high proportion of GFP/YFP double -positive cells. The 
origin of the leukemias from cotransduced cells, initially a 
minority population (as low as 0.4%) in the transplant inocula, 
was further confirmed by Southern blot analysis, showing the 
presence of NUP98-Hox and Meisl or Hox and Meisl provi- 
nces in primary and secondary leukemic mice (Fig. 5B). 

The leukemias caused by NA10/M, A10/M, NB4/M, and 
B4/M were transplantable, with secondary transplant recipi- 
ents succumbing to leukemia in 20 to 70 days posttransplant. 
The frequency of the leukemic initiating cell was estimated by 
injecting different doses of primary leukemic marrow cells into 
multiple recipients. All mice from all gene combinations died 
after receiving as few as 5,000 cells, and the majority of mice 
receiving 500 cells also succumbed to AML (Table 4), indicat- 
ing a high frequency of leukemia-initiating cells. Clonal anal- 
ysis of genomic DNA harvested from the primary and second- 
ary transplants revealed that the majority of the leukemias 
were of clonal and/or oligoclonal origin, as evidenced by the 
same banding pattern of equal intensity in the primary and 
secondary transplants (Fig. 5C). Interestingly, some sick 
NB4/M and B4/M mice showed a polyclonal bone marrow 
reconstitution at the time of analysis, as evidenced by the 
presence of multiple NB4 or B4 proviral bands in the primary 
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Median survival (days) 

FIG. 4. Coexpression of Meisl strongly increases the leukemogenic potential of NA10 and induces AML with NB4, NB3, and two native Hox 
genes. (A) Survival curve of mice transplanted with unsorted or enriched cotransduced bone marrow cells ( i M ici i! ind Methods for details) 
(B) The median disease latency for HOXA10 plus Meisl (M) and NA10 plus Meisl is shorter than that for HOXB4 plus Meisl, NB4 plus Meisl, 
or NB3 plus Meisl. The t test P values are also shown. 



recipients (see NB4/M 10.1 and 15.1 and B4/M 12.1 lanes in 
Fig. 5C), which is consistent with HOXB4\ intrinsic property 
of enhancing HSC regeneration capacity, a property that 
seems preserved in NB4. 

Previous studies oiND13 revealed that its growth -promo ting 
activity was dependent on an intact homeodomain. These re- 
sults suggested that the homeodomain might possibly lie the 
most significant contribution of the Hox partner. To determine 
whether Meisl can collaborate with NUP98 fusion genes con- 
taining only the homeodomain encoded by the Hox gene, a 
series of mice were transplanted with bone marrow cells co- 
transduced with Meisl and ND13hd or NAlOhd, in which only 
the homeodomain (lid) encoded by HOXD13 (amino acids 265 
to 325) or HOXA10 (amino acids 324 to 385) was fused in 



frame to NUP98. As seen in Fig. 4A, ND13hd was as efficient 
as ND13 in inducing leukemia in collaboration with Meisl, and 
though following a longer latency, all mice transplanted with 
NAlOhd/Meisl-transduced cells also succumbed to leukemia, 
indicating that the Hox homeodomain alone, for these genes, 
is enough for collaboration with Meisl. 

Strong leukemogenic potential of Abd-B-hke Hox genes cor- 
relates with their robust ability to promote cell growth and 
block differentiation. Based on the results described above, we 
speculated that the high leukemogenic potential of ^4M-5-like 
Hox genes might be explained by their strong ability to pro- 
mote cell proliferation and/or block differentiation. 

All three novel fusion genes enhanced the proliferation of 
transduced bone marrow cells in short-term liquid culture, as 



TABLE 3. Hematological characteristics of moribund mice transplanted with bone marrow cells cotransduced 
with Meisl and Hox or NUP98-Hox genes 



Genes transduced 


Mean lime of sacrifice 


Mean no. of blood cells ± SD 


Mean spleen wt 


% Bone marr 


ow cells ± SD 


(no. of mice) 


(days posttransplant) ± SD 


White (10 6 /ml) 


Red (10 9 /ml) 


(g) ± SD 


Blasts 


Myeloblasts 


A10IM (3) 
NA10/M (3) 
B4IM (4) 
NB4IM (4) 
Normal B6C3 (3) 


106.7 ± 27.7 
69.7 ± 7.5 

144.3 ± 9.2 

167.8 ± 21.0 


115.8 ± 89.4 
140 ± 133 
131.3 ± 63.7 
65.5 ± 45.0 
7.1 ± 6.6 


1.95 ± 1.0 
5.5 ± 0.9 

4.0 ± 2.4 

5.1 ± 2.9 
6.8 ± 1.4 


0.56 ± 0.16 
0.41 ± 0.11 
1.0 ± 0.5 
0.7 ± 0.4 
0.10 ± 0.02 


23.3 ± 5.7 
32.0 ± 8.9 
28.0 ± 9.1 
20.0 ± 6.0 
8.2 ± 2.7 


55.7 ± 2.5 

50.7 ± 4.7 

53.8 ± 3.8 
46.0 ± 8.5 
10.4 ± 4.1 
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A CTL CTt-GFP CTt-ygP NAIO/M 1 5.1 AIO/M 14.2 XI84/MK3 84/M 15.2 




NA10/Meis1 A10/Meis1 NB4/Meis1 B4/Meis1 



14.1 14.2 15.1 15.2 15,3 14.1 14.2 15.1 10,1 13.2 143 15.. 1 12.1 12.2 15 2 




NA10/Meis1 NB4/ Meisl 84/ Meisl 

14.1 14.2 15,1 15.2 10.1 14.3 15.1 _t n 1 f22 

P 1 2 4 P 2 3P 2 3 P 2 3 P2P4P44 OP 1 2 P 3 4 




FIG. 5. NUP98-HoxlMeisl- and //ar/A/m7-induced myeloid leukemias are of clonal or oligoclonal origin. (A) Analysis of GFP and YFP 
expression in leukemic bone marrow cells (representative profiles shown). Fresh normal marrow (control, CTL) and GFP- and YFP-transduced 
control bone marrow cells are also shown. (B) Southern blot analysis from genomic DNA harvested from the leukemic marrow confirmed the 
presence of the Meisl-IRLS-YFP and NUP98-Hox-IRES-GFP provirus in the diseased mice. (C) To estimate the frequency of leukemia-initialing 
cells and analyze the clonal origin of the leukemias, bone marrow from moribund primary recipients was injected into irradiated secondary 
recipients at various doses. The lanes loaded with I he primary recipient genomic DNA are indicated hy P, and the lanes indicated by the numbers 
1, 2, 3, and 4 correspond to DNAs of the secondary transplant recipients which received 5 X 10 s , 5 X 10 4 , 5 X lO 1 , and 500 hone marrow cells, 
respectively, from the primary recipients. The arrows indicate the locations of endogenous Hox or Meisl sequences hybridizing to the probes. 



evidenced by the increased proportion of GFP + cells over time 
(Fig. ID and data not shown). The total expansion of GFP + 
cells (i.e., total number of GFP + cells after 14 days/input 
GFP + cells) induced by NA10 was, however, consistently 
greater (10- to 50-fold higher) than that induced by NB3 and 
NB4 and similar to that obtained for ND13 (Fig. 6A). More- 
over, this differential growth-promoting effect induced by the 
various fusion genes was also seen in more primitive cells, as 
shown by day 12 CFU-S. As previously reported, GFP cultures 
yielded a limited number of day 12 CFU-S cells following 1 
week of culture. In contrast, all fusion genes tested produced a 
prominent increase, an average of 4,700-fold, in the yield of 
CFU-S-like cells (Fig. 6B). Again, the magnitude of the impact 
was greater for NA10, which produced the highest day 12 
CFU-S recovery, matching that observed with ND1 3 (Fig. 6B), 
whereas NB4 consistently produced the smallest yield in all 
experiments (n = 3), followed by NB3. 



The impact on bone marrow differentiation was further in- 
vestigated following a culture period of 3 to 4 weeks. The 
majority of cells in the GFP + control cultures had undergone 
terminal differentiation, as evidenced by their slow growth and 
morphology (Fig. 7A; increased cytoplasm with increased 
granular content). FACS analysis (Fig. 7B) indicated a high 
level of expression of the c-Kit and IgE receptors, consistent 
with a mast cell phenotype. Under the same conditions, cul- 
tures initiated with NB4- and ATO-transduced cells consisted 
of a mixed population of well-differentiated and more primi- 
tive myeloid cells (Fig. 7A and B). Most strikingly, NA10- and 
ADiJ-transduced cells yielded cells almost entirely of an im- 
mature phenotype, as shown by negative expression of IgE 
receptors and low levels of c-Kit (Fig. 7B), blast morphology 
(Fig. 7A), and high proliferation rate. The greater impact on 
bone marrow differentiation observed for NA10 was also evi- 
denced in vivo. Phenotypic analysis of peripheral blood of 



1914 PINEAULT ET AL. 



Mol. Cell. Biol. 



TABLE 4. Leukemias induced by NUP98-HOX fusion genes plus 
Meisl are highly transplantable 



Gene 
combination (no. 
of mice tested) 


125 days after 
transplantation with 
indicated no. of 
leukemic bone 
marrow cells: 

500 5,000 


Median survival 
(days) of mice 
receiving 5,000 
leukemic cells 


NAlOIMeisl (4) 


33 


0 


19.5 


AlOIMeisl (4) 


25 


0 


45 


NDWMeisl (3) 


0 


0 


27 


NB4IMeisl (4) 


25 


0 


46 


B4IMeisl (4) 


50 


0 


69 



1.E+06 

c 

S. 1.E+0S 
c 

j 

£ 1.&-03 \ 
1.E+02 



NA10- and /YOX4/0-transplanted mice before the onset of 
evident disease also showed evidence of differentiation block, 
with a significant (P < 0.03) decrease of circulating B220 + 
GFP + B cells (Fig. 7C). In contrast, a normal distribution of 
lymphoid and myeloid GFP + cells was observed in NB4 and 
HOXB4 recipients (Fig. 7C). 

The different transforming potential and the block in bone 
marrow differentiation induced by the fusion genes were fur- 
ther confirmed by serial replating of bone marrow clonogenic 
progenitor cells in methylcellulose. Control GFP + cells only 
produced small clusters of myeloid cells (averaging 1.23 X 10 3 
± 5.6 X 10 2 cells/colony) in secondary plating, whereas all 
NUP98-Hox genes produced larger secondary granulocyte- 
macrophage myeloid colonies (ranging from 36 X 10 3 to 100 X 
10 3 cells/colony). Consistent with the stronger differentiation 
block induced by NA10 and ND13, bone marrow transduced 
with these genes formed large granulocyte-macrophage colo- 
nies over at least four passages (Fig. 7D). In contrast, NB4- or 
ATO-transduced clonogenic progenitors were essentially ex- 
hausted by the third replating (Fig. 7D; n > 2). 

DISCUSSION 

In this study, we explored whether Hox genes have unique or 
overlapping or redundant roles in leukemogenesis in the con- 
text of NUP98-HOX fusion genes. Specifically, with novel 
NUP98-HOX fusion gene constructs, we addressed whether 
Abd-B-\ike Hox genes have common intrinsic properties that 
could make them prime NUP98 fusion partner candidates, or 
whether the required properties could extend to other Hox 
members that would suggest a wider overlap in Hox function. 
Although the engineered NUP98-Hox genes originated from 
two different clusters and four different paralog groups, all four 
fusion genes tested produced a significant overlap in effects 
when expressed in bone marrow cells in vitro, reminiscent of 
the functional redundancy commonly observed for the Hox 
gene family. However, not all Hox genes formed strong leuke- 
mogenic NUP98 fusion genes, but under certain circumstances, 
such as increased Meisl expression, all induced myeloid leu- 

Decisively, the Abd-B-\ike Hox genes formed NUP98 chi- 
meric proteins with the greatest impact on proliferation and 
differentiation in vitro and leukemogenic potency in vivo, 
which may account for the fact that to date, only Hox genes 
belonging to this group have been found rearranged with 



1.6*02 
t.E+01 



GFP NB3 N84 NA10 ND13 

FIG. 6. NUP98-Hox genes provide a proliferative advantage to 
bone marrow cells in vitro. (A) Expression of the fusion genes led to an 
increased expansion of the transduced bone marrow cells compared to 
that of GFP + control or untransduced cells. Expansion for transduced 
bone marrow cells in liquid culture over 14 days and the mean (hori- 
zontal bar) of al leasl ihree experiments are shown. Expansion of cells 
in HOXB4- or HOXA1 0- transduced cells in culture ranged from 2.1 X 
10 3 to 3.6 X 10 3 and 1.0 X 10 3 to 3.1 X 10 3 , respectively. (B) Greater 
yield of day 12 CFEJ-S colonies after 1 week of culture of 10 5 bone 
marrow cells transduced with fusions of NUP98 and Abd-B-like Hox 
versus NB3 and NB4 (representative experiment shown ± standard 
deviation \n = 3]). The P values from the t test are also shown (n =3). 



NUP98 in human leukemia. Nevertheless, the leukemogenic 
potentials observed for NUP98-HOXB4 and HOXB4 with 
Meisl support a model in which many if not all Hox genes may 
have the not previously appreciated capacity to contribute to 
leukemic transformation and point to striking overlap in prop- 
erties. 

Intrinsic leukemogenic potential of intact Hox genes corre- 
lates with their ability to induce AML as NUP98 fusion part- 
ners. The novel NA10 fusion gene induced AML with kinetics 
similar to that of ND13, indicating that the reported leukemo- 
genic potential of HOXA10 (37) is retained in the NA10 fusion. 
Our data further imply that the ability to form leukemogenic 
NUP98-Hox fusion genes is not restricted to the already iden- 
tified Hox genes, but rather seems to be a redundant property 
of Abd-B-\ike Hox genes. These results are consistent with 
reported functional identity between paralogous as well as 
nonparalogous Abd-B-re\ated Hox genes (10, 38, 39). Abd-B- 
like Hox genes are derived from a common ancestor, and 
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1.B-00 1.B-02 1.B-04 1.B-06 1.B-08 1.B-10 
Cumulative GM-progenitors on serial replating 

FIG. 7. NUP98-Abd-B-like Hox fusion genes have a greater transforming potential in vitro. (A) Wright-Giemsa staining of transduced bone 
marrow cells grown for 3 weeks in liquid culture. Magnification, X80. Note the reduced number of mature granulocytic cells for NA10- and 
A^Dii-transduced cells compared to more differentiated GFP + control cells (representative experiment shown [n = 2]). (B) Immunophenotyping 
of cells after liquid culture. Unstained cells are in grey; IgE receptor (IgE R ) and c-Kit are shown in blue and red, respectively. (C) Lineage 
distribution of GFP + cells in transplanted mice. Mean distribution for the cohorts ± standard deviation. Analysis was done 24 weeks posttransplant 
for GFP (n = 3), A10 (n = 2), and NA10 (n = 4) mice and 30 weeks posttransplant for B4 (n = 3) and NB4 (n = 3). (D) Total number of 
granulocyte-monocyte progenitors in serial replating. Cumulative yield is shown for the initial plating of 750 transduced bone marrow cells 
(representative experiment shown [n > 2]). 



therefore their homeodomains are closely related, which may 
indicate that their redundant function in leukemogenesis is 
mediated through the regulation of a similar or overlapping set 
of genes and/or pathways that control hematopoietic cell 
growth and differentiation. 

Our results showing strong leukemogenic potential for NA10 
but not for NB4 suggest that the intrinsic leukemogenicity of 
NUP98 fusions is determined primarily by the Hox fusion part- 
ner. Moreover, such intrinsic leukemogenicity appears not to 
be restricted to Abd-B-\ike Hox genes, as suggested by leuke- 
mia arising in an NB3 recipient. This differential ability of NB3 
and NB4 to cause leukemia is consistent with the specific ef- 
fects of their native counterparts (30, 31) and further demon- 
strates that closely related Hox genes are not completely func- 
tionally equivalent (26, 40). 

AML is characterized by the uncontrolled proliferation of 
myeloid cells that accumulate at different stages where their 
further differentiation is blocked. The high correlation ob- 
served between the leukemogenic potential of the native and 
NUP98-Hox genes and their ability to increase self-renewal and 



block differentiation argues that the latter characteristics de- 
termine the Hox leukemogenic potential. Thus, the intrinsic 
ability of ND13 and NA10 and that reported for NA9 (7) to 
sustain increased self-renewal and strongly block bone marrow 
differentiation appear to be a unifying property that deter- 
mines their potent leukemogenicity. 

Redundant ability of Hox genes to collaborate with Meisl to 
induce AML. Despite considerable differences in the function 
and structure of the native and /far-fused genes studied in this 
work, they were all able, though with different latencies, to 
cause AML in collaboration with Meisl. Importantly, our data 
demonstrating the capacity oiNB4 and B4 to cause AML with 
Meisl indicate that even Hox genes that do not cause leukemia 
on their own possess the redundant ability of becoming leuke- 
mogenic in the presence of this, and possibly other, cofactors. 

Work from Calvo et al. showing that Meisl may further 
block differentiation of myeloid progenitors overexpressing 
HOXA9 (5), coupled to the ability of HOXB4 to transform 
fibroblasts in vitro (17), could in part explain the leukemogenic 
activity of HOXB4 and NB4 in collaboration with Meisl. Meisl 
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has been shown in myeloid cells to be associated with ternary 
complexes containing Pbx and Hox proteins (34), in which 
Meisl directly interacts with Hox proteins from paralog groups 
9 to 13, or indirectly associates with paralogs 1 to 8 through Pbx 
(33). NA10 and NA9 both retain the Pbx interacting motifs and 
therefore, Meisl may indirectly interact with these proteins 
through the formation of trimer complexes containing Pbx, as 
suggested for A9-mediated transformation of myeloid progen- 
itors (32). Arguing against the likelihood that such direct in- 
teractions are the key to leukemic transformation, several of 
the fusions tested (NB3, NB4, ND13, ND13hd, and NAlOhd) 
lacked both known Pbxl- and Meisl -interacting motifs. Nev- 
ertheless, the longer latency observed for NAlOhd/Meisl 
(lacking a Pbx-interacting motif) compared to NAIO/Meisl 
(containing a Pbx-interacting motif) suggests that interaction 
with Pbx proteins, though dispensable, may accelerate disease 
development. 

How Meisl accelerates the onset of Hox-mediated AML is 
still unclear. Whether Meisl functions to increase the strength 
of the transcriptional activity of Hox genes on Hox-regulated 
promoters or works through different target genes needs to be 
resolved. Several non-mutually exclusive explanations could be 
proposed. First, in view of work from Saleh et al. showing that 
under some circumstances Pbxl can repress Hox gene-medi- 
ated transcription by interacting with multiple histone deacety- 
lases (28) and a recent report showing increased ability of 
HOXB4 to enhance self-renewal of HSC when Pbxl was down- 
regulated (18), one could propose that Meisl, known to form 
strong heterodimers with Pbxl, might bind and titrate off Pbx 
proteins. Another possibility is that the exogenous Meisl phys- 
ically interacts with endogenously expressed Hox proteins also 
implicated in leukemia, such as Hoxa7 and Hoxa9 (7, 25). 
Meisl might also directly bind endogenous Hox-responsivc 
genes and/or different genes, through Hox-independent activ- 
ity (23). This possibility is supported by data indicating that 
Homothorax, a Drosophila Meisl orthologue, possesses tran- 
scriptional activation activity of its own (12). 

The NUP98-Hox fusion gene transformation models ex- 
ploited here should now prove useful to dissect the molecular 
and cellular pathways involved in the redundant and differen- 
tial leukemogenic potential of Hox genes and to provide new 
strategies to elucidate the role of collaborating genes. 



APPENDIX 

Supplementary materials. Primer sequences to amplify indicated 
Hox regions for NUP98-HOX fusion constructs were as follows: 
NUP98 portion, forward, 5-AGTCGGATCCTTTAACAAATCATTF 
GGAACACCCTT-3, and reverse, 5-TTTAAGAATTCTACFGGGG 
CCTGGGG-3; IIOXH4 Hxon2, forward, 5-CCCAGC iAA I'l'C'G'I'AA 
\C ( ( ( \ \ I I \( ( i( ( A and reverse, 5- AC AFAAAAATG C G G ( X ' 
GCTAGAGCGCGCGGGGGCC-3; HOXB3 Exon4, forward, 5-AFA 
CCCGAATTCGCAGAGGGCTGTGGT-3, and reverse, 5-CCCATC 
CCCTAATCCTCGAGCGC-3; HOXA10 Exon2, forward, 5-FFAEC 
CGAATTCGGCAATTCCAAAGGTGAA-3, and reverse, 5-TTCAA 
TAATGCGGi X X K l ( A 1CAGGAAAAATT-3; HOXA10 homeod 
omain, homeobox (hd) AlOhd; forward, 5-ACTGATGAATTCAAGA 
GTGGTCGGAAGAAGCGC-3; reverse, 5-ATAAAAAEGCGGCCG 
CTC ACATTTTCTTC AGTTT-3 ; HOXD13 homeodomain, forward, 
5-ACTGATGAATTCCGAAGAGGGAGGAAGAAG-3, and re- 
verse, 5-ACTGAFCFCGAGFCATTTCTTGTCCFTCACTCTTCGG 
T-3. 
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Recent conceptual and technical improve- 
ments have resulted in clinically meaning- 
ful levels of gene transfer into repopulat- 
ing hematopoietic stem cells. At the same 
time, evidence is accumulating that gene 
therapy may induce several kinds of unex- 
pected side effects, based on preclinical 
and clinical data. To assess the therapeu- 
tic potential of genetic interventions in 
hematopoietic cells, it will be important to 
derive a classification of side effects, to 



obtain insights into their underlying 
mechanisms, and to use rigorous statisti- 
cal approaches in comparing data. We 
here review side effects related to target 
cell manipulation; vector production; 
transgene insertion and expression; se- 
lection procedures for transgenic cells; 
and immune surveillance. We also ad- 
dress some inherent differences between 
hematopoiesis in the most commonly 
used animal model, the laboratory mouse, 



and in humans. It is our intention to 
emphasize the need for a critical and 
hypothesis-driven analysis of "transgene 
toxicology," in order to improve safety, 
efficiency, and prognosis for the yet small 
but expanding group of patients that could 
benefit from gene therapy. (Blood. 2003; 
101:2099-2114) 
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Effects and side effects in hematopoietic gene therapy 



"This is a strange drop in my blood" (Goethe). 

"It is the dose that makes the poison" (Paracelsus). 

"What can go wrong, will go wrong" (Murphy). 

Hematopoietic stem cells (HSCs) are important targets for 
somatic gene therapy, considering their availability for in vitro 
manipulation and their enormous biologic capacity.'' 3 In selected 
entities, gene therapy involving manipulation of HSCs has now 
clearly shown clinical efficiency, opening up new perspectives Cor 
the entire field. 3 - 4 However, it is a principle in pharmacology that no 
true effect is possible without inducing side effects. Prognosticat- 
ing the type and incidence of side effects is an important step 
toward predicting the overall therapeutic benefit for a new modality. 

The genetic modification of HSCs generates special concerns; 

1 . These cells are long-lived and might represent a reservoir for 
the accumulation of proto-oncogenic lesions. 5 

2. Current technology requires that HSCs have to be enriched 
and cultured in vitro to become accessible to genetic manipulation. 

3. This also implies that the engineered graft represents only a 
small fraction (probably about 1%-10%) of the hematopoietic cell 
pool of a healthy individual. Infused cells may therefore be altered 
not only in terms of quality, but will also be heavily diluted by 
unmodified counterparts residing in the body. This may result in the 
establishment of a "strange drop in the blood," which could correct 
diseases only if it were strongly enriched in vivo. 

4. Therefore, achieving targeted amplification or preferential 
survival of engineered cells is one important key to success in 
hematopoietic gene therapy. 2 ' 4 However, clonal expansion, while 
limited by cellular senescence and exhaustion, 6 has also been 



suggested as a risk factor contributing to cellular transformation, at 
least when occurring under nonphysiologic conditions of growth. 7 

5. HSCs, or at least the cell preparations enriched for HSCs, 
may not only reconstitute the entire myeloerythroid and lymphoid 
spectrum, but they may also differentiate into or fuse with other cell 
types, including endothelial; skeletal and heart muscle cells; 
hepatocytes; neurons; and epithelial of gut and lungs. However, the 
frequency of such events is controversial. 8 '' 2 The developmental 
potential of HSCs generates a huge repertoire of conceivable 
biologic conditions and anatomic sites where side effects may 
manifest. However, the likelihood of manifestations outside the 
hematopoietic system appears to be relatively low unless special 
triggers exist that drive fate-switching." 12 

6. Because of the high proliferative potential of HSCs, stable, 
heritable gene transfer is required for successful genetic modifica- 
tion. In the current "state-of-the-art" only viral vectors on the basis 
of retroviruses (including lentivimses) mediate a predictable effi- 
ciency of stable transgene insertion with a predefined copy 
number. 13 Chromosomal insertion guarantees transgene mainte- 
nance during clonal amplification. Episomally persisting viral 
vector systems such as those based on Epstein-Barr virus are still 
suboptimal 14 because efficient gene transfer into HSCs is either not 
yet available or maintenance and expression of transgene copies are 
insufficiently investigated. Physicochemical methods result in a 
low probability for stable transgene insertion (< I0~ 4 ). 15 Their 
efficiency may be increased when combined with endonucleases 
from retrotransposons or site-specific integrases."' Adeno-associ- 
ated viruses (AAVs) also have a low and variable rate of stable 
insertion. 13 Recent advances in adenoviral vector technology may 
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Category 



Culture 



Loss of homing potential 
Vector Fusiogenic properties of viral envelope proteins 

Genotoxicity Insertional mutagenesis 

Phenotoxicity Interference of transgene product with cellular signaling 

Selection toxicity Side effects of regimens used to selectively engraft or 

expand manipulated cells 
Immune response Elimination of modified transgenic cells by antibodies or 

cytotoxic T cells directed agains 



Interactions of 1-6 Cooperation of 




in the lettered circles: A, particle dosa; 
Mion; D, RNA processing; E, protein featui 
id plasticity; and H, number of patients. 



therapy. The following items 
i; B, number of inserted genes; 
s; F, target pool size; G, cellular 



increase their potential for stable gene delivery. 17 However, the 
utility of all of these alternative methods for transduction of HSCs 
with a defined and persisting transgene copy number is still 
unknown, as is the genetic risk associated with transgene insertion 
through these modalities. 

7. The use of retroviral (including lentiviral) vectors implies 
that engineered cells of the same graft will vary with respect to 
transgene insertion sites (which are unpredictable and can affect 
both transgene and cellular gene expression), copy number per cell 
(which can be controlled more easily, but not entirely), and 
sequence (which can be modified in the error-prone process of 
reverse transcription). This produces a mixed chimerism of genetic 
modification in different stem cell clones, each with a theoretically 
distinct potential for eliciting side effects. 

To facilitate the evaluation and discussion of side effects, we 
introduce a classification system at this point (Table 1). 

As the whole process of genetic manipulation of transplantable 
HSCs is complex (Figure 1), problems may be encountered at 
different levels: (1) enrichment and culture of target cells (toxicity 
of cell manipulation); (2) vector production (vector toxicity); (3) 
insertion of foreign sequences or other alterations of the cellular 
genome (genotoxicity); (4) expression of transgenes (for which we 
would like to introduce the term "phenotoxicity"); (5) conditioning 
or selective drugs for enrichment of gene-manipulated cells 
(selection toxicity); (6) immune responses evoked by vector 
components or the transgene product (immunogenicity); and (7) 
aggravating interactions of some of these events. 

Depending on the type, severity, and kinetics of side effects, 
patients may be asymptomatic or present with unclear symptoms, 



such as fever of unknown origin, signs of hemolysis, cytopenia of 
any lineage, immunodeficiency, autoimmune disorders, myelodys- 
plasia, or, at worst, lymphoma, leukemia, or other types of 
malignancy. Some of these disorders, most of which are of only 
theoretical signficance at present, will occur only after prolonged 
periods of time 18 ' 1 '' and may be missed in preclinical studies with 
limited follow-up after genetic manipulation of HSCs. However, 
increasing the potency of the methods and the numbers of 
treatments may confront us with a growing number of reports. 

Indeed, this review was prompted by our observation of a 
leukemia in a mouse study with prolonged follow-up after retrovi- 
ral gene transfer into hematopoietic cells. 2 " I Jn fortunately, the first 
case of a malignant disorder following clinical retroviral vector- 
mediated gene transfer into human hematopoietic cells was ob- 
served shortly thereafter, manifesting 3 years after the infusion of 
retrovirally modified cells 21 " so that a once theoretical risk has 
become a real one. The uncertainty observed in the scientific and 
regulatory community following these reports 23 24 reflects a consid- 
erable need for systematic toxicology of genetic cell modifications. 

Paracelsus, a founder of toxicology, has provided 3 golden rules 
for the assessment of side effects. The first is that poison is a 
question of dose. 25 Dose issues are encountered at several levels in 
hematopoietic gene therapy (Figure 2); the number of gene transfer 
particles to which the cells are exposed, the transgene copy number 
per cell, transcription rates, efficiency of RNA processing, protein 
features such as activity or stability of enzymes, the size of the 
target cell pool (generating a clonal repertoire due to the variations 
in transgene processing and integration), the life span of trans- 
planted cells, and the number of patients treated. 
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Paracelsus' second rule is that a compound has a specific site 
(within the body) where it exerts the greatest effect. 25 Applied to 
gene therapy, this indicates that cell type and its developmental 
plasticity really matter. The third rule is to use animal models for 
preclinical dose finding. 25 Therefore, the limitations of animal 
models also have to be considered. Cell specificity and animal 
testing have been central items in gene therapy from the beginning. 
However, most studies focused on efficiency and were not designed 
to measure unexpected effects. 

The present review summarizes recent insights into molecular 
mechanisms underlying side effects of genetic interventions in 
HSCs, following the classification of issues listed above (Table l), 
and discusses consequences for the most commonly used animal 
model, the laboratory mouse. 



Toxicity of cell manipulation 

Under steady-state conditions (normal hematopoietic turnover and 
an intact bone marrow niche), the majority of HSCs cycles slowly, 
yet continuously. 26-28 For genetic modification, HSCs are either 
harvested from peripheral blood or bone marrow. 2 " The yield and 
biologic features of cells from these sources differ depending on 
the use of mechanical harvest versus cytokines (typically granulo- 
cyte colony-stimulating factor [G-CSF]) and/or chemotherapy, 
which may have direct implications for die efficiency of retroviral 
transduction and engraftment. 29 - 3 1 Exposure to cytotoxic agents 
may compromise the engraftment potential of HSCs.' 2 Umbilical 
cord blood is a promising resource of stem cells, but the limited 
numbers of HSCs contained in cord blood may restrict a wider use 
in adults 

Target cells of genetic manipulation usually have to be enriched 
to facilitate physical interaction with vector particles (Figure 1). 
Enrichment of HSCs for clinical use is most frequently achieved by 
immunoaffinity selection for the CD34 antigen. Developed for 
"mainstream" clinical applications, these processes for cell harvest- 
ing and enrichment have an excellent safety profile, and the 
engraftment potential of CD34-enriched cells is very good.- 15 
However, according to our current understanding, long-term repopu- 
lating HSCs probably represent less than 1% of the CD34 f cell 
pool. Thus, the target pool size currently used for gene transfer is 
probably about 100- fold greater than actually required. 

In theory, manipulating 10 000 HSCs (or maybe even much 
smaller numbers) should be sufficient to achieve a polyclonal 
transgenic hematopoiesis. 27 - 36 -" This would reduce significantly 
the numbers of vector particles required for cell manipulation, the 
risk of random mutagenic events that are related to the number of 
transgene insertions (below), and probably also the costs of the 
procedure. However, methods required for further enrichment of 
HSCs, such as isolation of the CD34 ■ CD38 population or their 
more primitive precursors, 29 - 18 - 411 have not yet been established for 
routine clinical use. High-grade purification of HSCs based on flow 
cytometry sorting has been shown to be feasible, but concerns 
remain regarding the risk of contamination, fitness of the sorted 
cells, selective interference with short-term engraftment, and risks 
associated with cell expansion.- 19 

Although short-term reconstitution may be promoted following 
cell expansion in vitro, 41 current culture conditions may induce a 
selective loss of long-term HSCs. 29 Several underlying mecha- 
nisms have been identified: commitment to differentiation (loss of 
pluripotency) or even apoptosis, a cell-cycle -associated loss of 
engraftment/homing properties, and differential susceptibility to 



natural killer cell -mediated rejection. 29 - 42 " 44 Although engraftment 
with cultured cells alone has been rapid and sustained in clinical 
gene therapy studies, 45 - 46 extended manipulations, such as pro- 
longed culture or enrichment of cells expressing the transgene prior 
to infusion, may promote deficits in long-term reconstitution. 29 ' 41 ' 47 
Similar considerations apply for lymphocyte cultures. 48 Long-term 
follow-up, which in humans encompasses many years, will be 
required to draw firm conclusions that HSC exhaustion is not 
triggered by the procedures used during HSC manipulation in 
vitro. 29 Therefore, all efforts invested to maintain stem cell 
properties during in vitro culture are important. Improvements of 
HSC culture can be achieved by (1) the use of serum-free culture 
conditions. 49 (2) the definition of appropriate cytokine combina- 
tions, 50 (3) the manipulation of transcription factor levels such as 
HOXB4, 51 (4) the introduction of other (such as extracellular 
matrix) molecules 52 ' 54 or appropriate stroma components, 55 ' 56 and 
(5) protocols allowing a return to cell-cycle quiescence prior to 
infusion. 57 - 58 Moreover, new vector systems are being developed 
to reduce the need for stem cell proliferation prior to gene 
transfer. 1 - 1 - 59 - 61 

It may also be interesting to expand engineered cells in vitro 
following gene transfer. However, in at least one case, this attempt 
has been associated with an increased risk of malignant transforma- 
tion of transduced murine hematopoietic cells. 62 Although it is 
possible that the expansion culture promoted a specific side effect 
of the vector or packaging cells used in this study, further work is 
required to address the extent to which culture conditions support a 
preferential growth of mutants with proto-oncogenic lesions. 

In summary, new procedures for HSC harvest, enrichment, gene 
transfer, and expansion culture need to be studied intensively 
before clinical application. Besides "conventional" mouse mod- 
els. ,:; immunodeficient mice'" or fetal sheep 47 supporting engraft- 
ment of primitive human hematopoietic cells and supporting 
studies in nonhuman primates 64 serve as valuable models for 
this purpose. 



Risks related to vector production 

Conventional retroviral vectors based on mouse leukemia virus 
(MLV) and the more recently developed lentiviral vectors (such as 
those based on HIV- 1 ) differ in many respects, particularly in their 
nuclear import strategies. 1 - 1 ' 6 "' 61 While MLV vectors require cell 
division for chromosomal insertion, lentiviral vectors may also 
transduce nonproliferating cells. However, lentiviral transduction 
efficiency also declines according to cell-cycle stages in the order 
M > d > G 0 . Another feature of HIV-based lentiviral vectors is 
that complex transgene cassettes containing cryptic splice sites are 
more reliably transferred, 65 " 68 which may be related to regulatory 
functions of the viral REV protein expressed during the packaging 
process. Because of the significant differences in the biologic 
properties of the viral proteins involved in the generation of 
replication-defective vectors, MLV and HIV vectors have distinct 
requirements for the design and culture of their respective 
producer cells. 

Stable producer clones are more easily established 
with long terminal repeat (LTR)-<iriven vectors 

Progress in the design of retroviral vectors developed on the basis 
of MLV has improved their performance with respect to vector 
production, gene transfer efficiency, and transgene expres- 
sion. 19 '' 9 " 71 This vector system is the only one currently used in 
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clinical trials for stable gene transfer into HSCs. 2 One important 
advantage of MLV packaging components is their lack of cytotoxic 
effects, resulting in the ability to derive defined cloned producer 
cell lines with only 1 or 2 transgenes ("provector") inserted to 
encode the vector. This ensures the highest degree of transgene 
stability that can be achieved with retroviral packaging cell 
technology. However, the establishment of stable cloned producers 
with a limited and defined transgene copy number is greatly 
alleviated when retroviral gene transfer is used to establish the 
provector. Thus, transcriptional control needs to originate from the 
long terminal repeat (LTR), as in wild-type retroviruses. This 
configuration implies an increased risk of activating neighboring 
cellular sequences in target cells (below) and for recombination 
with viral coding sequences in the packaging cells, potentially 
facilitating the accidental generation of replication-competent 
retrovirus (RCR) recombinants. 1 " 

Replication-competent retrovirus 

Contamination of vector stocks with RCR can be detected by 
polymerase chain reaction (PGR), enzyme-linked immunosorbent 
assay (ELISA), or cell biologic assays. While the sensitivity of 
these methods can be very high, residual contamination of a 
clinical vector preparation as a matter of principle cannot be fully 
excluded. Important improvements in the design of vectors and 
packaging cells have greatly reduced the risk of generating RCR/' 1 ' 

The risk of developing a disease following accidental exposure 
to an MLV-relatcd RCR depends heavily on the genetic background 
of the recipient and the integrity of the immune system. Replication- 
competent MLV with an amphotropic envelope protein was not 
found to represent a significant pathogen for immunocompetent or 
transiently immunosuppressed nonhuman primates." However, 
when CD34 '"-enriched cells were exposed to high titers of RCR- 
contaminated vector preparations in vitro and infused under 
conditions of strong immunosuppression, rhesus monkeys devel- 
oped lymphomas within one year. 72 This required the absence of an 
immune response against retroviral particles or infected cells, and 
was likely driven by insertional mutagenesis (below) due to 
massive virus replication within susceptible lymphoid cells. v '- n 
When inoculated into newborn mice, amphotropic MLV may also 
induce a spongiform encephalopathy, whose kinetics and anatomic 
distribution depend on the type of the envelope protein. 73 

Potential RCR originating from lentiviral packaging cells has 
not been described to date. Accordingly, the potential pathogenicity 
of such recombinants is unknown, yet expected to be unlike that of 
wild-type HIV as a result of the anticipated differences in Env 
proteins, regulatory elements for gene expression, and the absence 
of many HIV accessory genes. An established limitation of 
currently used stable lentivirus packaging lines is genetic instabil- 
ity, because they may undergo multiple superinfection events when 
cultured (due to the lack of subgroup interference with the VSV-G 
pseudotype used). 74 " 76 

Although no side effects have been reported in more than a 
decade of clinical experience even with early generations of 
retroviral producer cells, 77 stringent safety testing and further 
technological improvements are still desirable for both retro- and 
lentivirus production systems. In the unlikely event of accidental 
exposure to RCR and their escape from immune control, it may be 
possible to suppress viral replication in patients using clinically 
approved inhibitors, unless resistance develops. 78 



Mobilization 

In the absence of an RCR originating from the packaging cells, 
spread of a retroviral vector could be possible when naturally 
occurring viruses exist that can package the vector RNA and are 
transmitted in the human population. This concern appears to be 
irrelevant, for MLV vectors, 7 ' but needs to be considered for vectors 
developed on the basis of HIV or other lentiviruses. so To prevent 
this problem, lentiviral vectors are typically designed with a 
so-called self-inactivating (SIN) LTR. This is achieved by placing 
the enhancer-promoter into an internal position between defective 
LTRs, eliminating transcription of the packaging signal required 
for incorporation of the vector RNA in virus particles. 60 - 61 

Transient transfection for vector production 

So far, both lentiviral and previously investigated retroviral SIN 
vectors cannot be produced at sufficient titers from cloned packag- 
ing cell lines. 74 Efficient production of SfN vectors has been 
achieved only following transient transfection of plasmid vector 
constructs into packaging cells. 6 '' 74,81 Although significant amounts 
of vector particles can be produced using this procedure, 1 * 1 concerns 
remain unresolved regarding the type and incidence of plasmid 
recombinations, accidental transfer of plasmid DNA with vector 
particles, 70 and the identity of the product obtained in independent 
production batches. 

The infidelity of reverse transcription 

A limitation common to all types of retroviral vectors is the 
possibility for transgene recombination or mutation occurring 
during the obligate step of reverse transcription. The retroviral 
enzyme reverse transcriptase converts RNA to double-stranded 
DNA with an infidelity of about 10 suggesting that mutations are 
introduced once per 1 0 kb of a retroviral RNA template. 82 This may 
reflect an evolutionary pressure to produce about one mutation per 
replication cycle, given a genome size of natural retroviruses in the 
range of 8 to 1 1 kb. The misincorporation rate is similar for vectors 
based on MLV and HI V s3 If we consider as a worst case scenario a 
proto-oncogene such as N-RAS with a size of 570 bp, one mutation 
could occur per 18 rctrovirally transduced copies. For N-RAS, at 
least 3 activating mutations are known from a total of 1710 
(3 X 570) possibilities for single-point mutations (http://www. 
expasy.ch'cgi-bin/niceprot.pl?p0111 1). Thus, about one oncogenic 
N-RAS mutant would be formed per 10 4 reverse transcriptions. In 
a clinical setting, about 10 8 to 10' infectious particles are re- 
quired per CD34 ' cell preparation. Therefore, it may be important 
to define the oncogenic mutation frequency for a given 
cDNA, especially when dealing with transgenes encoding 
"signaling" molecules. 

Much more frequent errors in transgene replication may result 
from sequence deletions or recombinations before or during 
reverse transcription. 82 83 Regulatory genome sequences that can be 
required to achieve cell-type-specific gene expression 84 and some 
clinically relevant cDNAs such as MDRl or HSV-TK may contain 
cryptic splice sites that give rise to pregenomic splicing of the 
vector RNA in packaging cells. 85 - 86 Interestingly, the frequency of 
these cryptic splicing events also depends on the packaging 
cell line. 87 

Also, intrastrand or interstrand recombinations are not uncom- 
mon during reverse transcription (retroviruses typically package 2 
copies of a pregenomic RNA). These can be triggered by direct 
sequence repeats within the transgene, 83 - 88 and again occur with 
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similar frequency in vectors based on MLV or HIV. 83 The vast 
majority of such events will simply reduce the efficiency of the 
gene transfer. However, it may be worthwhile to address potential 
hazards induced by aberrations of a given transgene prior to clinical 
testing. Attempts to reduce sequence repetitions, to eliminate 
unwanted splice sites, and to choose appropriate packaging cell 
clones greatly improve the fidelity of transferring intact 
transgene sequences. 84 87 ' 89 ' 90 

Another concern related to vector production is the accidental 
incorporation of cellular RNA in the retroviral particle. Acutely 
transforming retroviruses encoding cellular oncogenes have evolved 
through such events, again requiring recombination during reverse 
transcription. 82 ' 1 " However, to create such an unwanted oncogene 
vector, further mutations triggered by multiple rounds of replica- 
tion in virus/vector spread are typically required. Therefore, this 
risk appears extremely low with a replication-defective vector. 



Risks related to transgene insertion 

Complications resulting from transgene insertion (insertional mu- 
tagenesis) are a concern for all stable gene transfer methods. 
Retroviral insertion has some unique properties. The first resides in 
the fact that insertion is a default event in the retroviral life 
cycle, 8291 implying that the frequency of transgene insertion per 
cell can be predetermined by adjusting the multiplicity of infec- 
tion. 92 The second is that insertion tends to take place in euchroma- 
tin, possibly because of its improved accessibility. 93 Consequently, 
the risk for insertion in transcriptionally active regions of chromo- 
somal DNA is increased, as recently also demonstrated for HIV and 
derived vectors. 9 '' This implies a possibility for a cell-type -specific 
distribution, also assisted by host factors that participate in the 
preintegration complex. 94 Retroviral integrases are not sequence- 
specific with respect to transgene insertion, yet prefer specific 
structural features (bended DNA), 95 Thus, some yet unknown 
genetic loci may be at increased risk for retroviral insertion.'* 4 The 
third important feature of retroviral insertion is that it typically does 
not create subsequent recombinations within or outside the affected 
locus, although exceptions to this rule have been reported. Post- 
integration deletions may occur within repeats present in a single 
retroviral transgene, but these events appear to be rare. 96 Mutations 
within and surrounding a retroviral genome during expansion or 
malignant transformation of a transduced cell have also been 
described. 97 9 * Finally, recombinations may occur between sequence- 
related, yet independently inserted, retroviral alleles. 99 However, 
the incidence of such events in nontransformed cells is assumed to 
be low (although probably not as low as the error rate of the cellular 
replication machinery, which is in the range of 10" 9 per base and 
replication). Compared with retroviral gene transfer, physicochemi- 
cally transfected DNA, especially when forming transgene con- 
catamers, 15 ' 100 as well as AAV gene transfer 101 may be associated 
with increased risk of genetic instability, also involving flanking 
cellular sequences. 

Incidence of recessive and dominant oncogenic insertions 

With improving sequence information available from the murine 
and human genome projects, retroviral insertion events become 
increasingly mappable with regard to their exact to-the-base 
chromosomal location, relation to neighboring sequences, and 
potential interference with coding and regulatory regions. 20-22 - 94 

Previous assessments of the risk of untoward side effects from 
retrovirus insertion have been estimated to be rather low (between 



10~ 6 and 10' 8 per insertion event). 97 ' 102 ' 103 In an experiment 
involving retrovirus infection of mouse embryonic carcinoma cells 
with a high copy number, the risk for inactivating a single gene 
locus (usually a recessive mutation) comprising 0.001% of a 
murine genome was determined to be in the range of 1 to 4 X 10~ 8 
per insertion. 97 The risk for producing a phenotype that could also 
be induced by dominant activation of oncogenes (growth-factor 
independence in TF-1 human leukemia cells) was in the range of 
2 X 10 7 per insertion. 102 However, these experiments focused on 
specific transforming events or mutation of specific target genes 
and involved cloning procedures to identify mutants, possibly 
reducing the sensitivity of the detection systems. 

Based on the hypothesis of semirandom choice of target 
sequence, proto-oncogenic activation by a transgene insertion 
event would be expected to be more frequent. Considering that the 
entire human genome consists of approximately 3 x 10 9 base pairs 
(bp), a transforming insertion event frequency of 1 0 " 7 would mean 
that only a few hundred base pairs in the entire genome would 
allow oncogene activation. In the light of the fact that wild-type 
retroviruses have been demonstrated to interfere with genetic 
regulation from distances as far as 90 kbp upstream, 104 such 
numbers appear unrealistic. 

Restricting the area of retrovirus insertion interference to a 
diameter of about 10 kbp around a given gene, the chance of a 
single insertion interfering with a defined allele is roughly 10" 5 . 
Between 100 and 200 proto-oncogenes or oncogenes have been 
"fished" from the murine genome by retrovirus insertional mutagen- 
esis studies. 105 ' 106 With a margin of safety, the number of potential 
proto-oncogenes in the human genome is therefore probably not 
higher than 1 000. The risk of an insertional event within 1 0 kbp of a 
potential proto-oncogene can therefore be estimated to range 
between IO" 2 and 10~ 3 . 

At least 3 layers of safety, however, prevent such insertion 
events from being directly cancerogenic: first, retrovirus vector 
insertion is almost uniformly monoallelic, 107 reducing the rel- 
evance of most recessive mutational events. This restricts the 
influence of insertional disturbance to the much more rare setting of 
dominant effects that are biologically active even if just one locus 
has been changed. Second, some signal alterations may trigger 
differentiation or apoptosis, impede engraftment, or otherwise 
reduce the survival probability of the affected cell clone. Third, and 
foremost, a single insertional mutation is, to our current knowl- 
edge, not sufficient to develop a malignant phenotype by itself. 108 
In the vector-associated incidents of murine and human leukemia 
that have recently been described, 21 ' 22 the insertional oncogene 
activation has at best contributed to a pretrial ignant expansion of 
cells later developing the malignant clone because of additional 
genetic events. This underlines the need to screen for potential 
cooperation of insertional mutagenesis with side effects of the 
transgene or other circumstances contributing to clonal expansion 
of gene-modified cells (below). 

An issue of unknown significance is whether multiple insertions 
in single cells will lead to a disproportionate increase in the risk for 
insertional mutagenesis, although the few available data suggest a 
linear relationship between insertion frequency and mutagen- 
esis, 97102 It cannot be excluded that a high copy number of largely 
identical retrovirus transgenes distributed all over the genome may 
trigger chromosomal instability. In general, side effects observed 
under conditions of a high multiplicity of infection 62 ' 1 " 9 may not be 
relevant for a more carefully controlled transduction procedure. 110 
Considering these uncertainties, it appears reasonable to opt for the 
transfer of not more than 1 or 2 transgenes per cell. This represents 
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the efficiency of currently available methods, 36 ' 111 but may in the 
future be more of an issue in vector systems with a higher 
efficiency of integration or high multiplicity of infection. 112 

In conclusion, the likelihood of oncogenic lesions induced by 
insertional mutagenesis alone would be expected to be relatively 
small when compared with some other established medical treat- 
ments, such as irradiation or chemotherapy with DNA-damaging 
agents. 103 Transformation of non-stem cells initiated by insertional 
mutagenesis does not seem to occur frequently: before 2002, no 
severe side effects related to insertional mutagenesis had been 
reported in more than a decade of clinical experience with 
retrovirus gene transfer into more committed hematopoietic cells 
and mature lymphocytes, 1 ' 2 probably involving the manipulation of 
more than 10 12 cells. The number of cases in which these 
observations were made long-term is substantial, although the 
number of rqiopulating stem cells engrafted altogether probably 
did not exceed 10 to 100 per patient, putting the overall number of 
transgene insertion events in HSCs under long-term observation at 
approximately 10" to 10 5 worldwide. 

Impact of vector design 

The LTR configuration of conventional retroviral vectors comes 
with an increased risk to activate neighboring cellular sequences. 
The LTR establishes the enhancer-promoter regulating initiation of 
transcription and the polyadenylation signal giving rise to its 
termination on both ends of the transgene (Figure 3). Although 
MLV enhancer-promoters are strongly active in most hematopoi- 
etic cells (albeit with pronounced differentiation dependence). 71 111 
the polyadenylation signal is relatively weak." 4 Moreover, the 
major retroviral splice donor or related motifs in the transgene may 
interact with downstream splice acceptors of cellular genes. 
Combined with insufficient termination, these features generate a 
number of possibilities for activation of cellular sequences located 
downstream of the transgene insertion site (Figure 3). 

Some of the mechanisms giving rise to activation of a cellular 
gene also apply to lentiviral or MLV vectors with a SIN architec- 
ture." 5 However, the most frequent mechanism involved in retrovi- 
ral insertional oncogene activation appears to be enhancer related, 
possibly working orientation independent and over large distances. 
Such a risk applies to almost any type of transgene configuration. 



Considering the molecular mechanisms underlying activation 
of cellular genes, one could design vectors of improved safety. 
Such a vector should have a strong RNA tetmination/polyadenyla- 
tion signal (serving as an "RNA insulator")" 4 " 5 ; an internal 
position of the enhancer and promoter sequences that are excluded 
from functional interactions with neighboring sequences through 
the inclusion of dominant DNA insulators 116 ; and a strong internal 
splice acceptor that largely prevents interaction of the retroviral 
splice donor with downstream sequences. If functioning as pre- 
dicted, such a (hypothetical) construct depicted in Figure 3B would 
reduce the risk of insertional mutagenesis to the residual risk of 
disrupting genes. The latter may often be irrelevant unless haplo- 
insufficiency becomes phenotypically relevant or loss of heterozy- 
gosity occurs through independent hits. 

Another strategy to avoid insertional mutagenesis would be to 
achieve targeted insertion of transgenes into predefined "benign" 
cellular loci. Although conceptual progress has been achieved in 
the manipulation of retroviral integrase, experimental evidence for 
a stringent, sequence-specific targeting strategy is limited." 7 A 
recent report indicates that physicochemical transfection proce- 
dures may be developed for targeted transgene insertion into 
defined genome loci in vivo (murine hepatocytes)."' It remains to 
be seen whether such technologies are free from genotoxic side 
effects and how they can be adapted to HSCs. Similar consider- 
ations apply to targeted transgene insertion technologies developed 
on the basis of AAV." S 

Besides these primary prevention strategics, vectors could also 
be equipped with selectable marker genes to generate options for 
secondary prevention strategies. A drug-resistance marker could be 
used to reduce the clonal repertoire in vivo (Figure 3C) by ablating 
cells with low expression levels."'' However, if insertional onco- 
gene activation enhances the fitness of cells during selection, this 
strategy may be countei-productive. Experiments addressing this 
issue have not been reported to our knowledge. Another option 
would be to include a negative selection marker in the transgene 
cassette. A conditional suicide gene (such as HSV-TKf 0 may help 
to eliminate a malignant clone (Figure 3D), especially when 
combined with other antineoplastic treatments. However, this 
would also result in the loss of nontransformed transgenic cells. 
Before such an approach can be recommended, the potential 
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Figure 3. Impact of vector design on the pott 
cellular gene located downstream of the transcriptional direction 
of the vector. The gray boxes in panel A show a randomly inserted 
retroviral transgene with a conventional LTR architecture. Here, the 
enhancer (E) and promoter (P) are terminally repeated, and the 
polyadenylation [p(A)J signal is weak: a splice donor is present in the 



cDNA. The desired vector transcript is shown as line D: potential 
aberrant transcripts are numbered and shown as dotted lines. Either 
of the vector's SDs may interact with a splice acceptor (SA) of a 
downstream-located cellular gene to generate alternative splice prod- 
ucts 1 anc 2. Aberrant transcripts 1 to 3 result from lack of te'mination: 
transcript 4. from activation of the 3' promoter of the vector; and 
transcript 5. from a distant action of the vector's enhancer o" a cellular 
promoter r.vhich may also be located upstream and/or in inverse 
orientation to the insertion). Transcripts similar to 1 and 4 have been 
detected n the case of leukemia following retroviral gene marking in 
mice/- The hypothetical vector shown in panel B was designed to 
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immunogenicity of many suicide gene products and the limited 
preclinical experience with introducing suicide genes into HSCs 
has to be overcome. 



Risks related to transgene expression 

The ultimate goal of genetic therapy is to replace in situ a defective 
gene sequence, ideally by homologous recombination repair of the 
original locus. However, using available vectors and HSCs as 
targets, somatic gene transfer typically results in ectopic and 
nonregulated expression of the transgene, both with respect to the 
cell type affected and the level of expression achieved. 

Depending on the type and assembly of cis elements used, 
expression levels generated by di fferent vectors may differ by up to 
3 orders of magnitude. Different variants of MLV enhancer- 
promoters and some cellular promoters have shown a great 
potential for multilineage and persistent transgene expression in 
hematopoietic cells in vivo, typically accounting for less than 1% 
of the total cellular protein content. 71 '" 3 " 9 " 123 Cellular control 
elements have been modified to provide lineage-specific expression 
with promising potency,"- 67 ' 124 and inducible expression has been 
achieved with designer promoters.''* 

The insertion site modulates all aspects of transgene expression, 
including duration, level, and differentiation dependence. With 
LTR-driven retroviral vectors, the majority of unselected clones 
shows fairly similar transgene expression levels. However, inter- 
clonal variability of transgene expression may be as high as 
50-fold, and complete silencing can be observed in some HSCs and 
their progeny." 3 ' 120 '' 22 Unless targeted insertion into the correct 
cellular allele or specific regulation is achieved, transgene expres- 
sion will hardly ever be physiologic in every transduced cell. 

According to Paracelsus' first rule (poison is a question of dose), 
it can be predicted that any transgene product has a defined 
therapeutic window compatible with the desired function and 
without the predominance of unwanted effects. Toxicity related to 
transgene expression may most frequently manifest in a competi- 
tive disadvantage, leading to the extinction of the affected cell 
(clone) and thus to a loss of efficiency. However, transgene 
interference with cellular decisions related to homing, prolifera- 
tion, or differentiation may eventually result in the mani festation of 
new types of diseases. Currently, few observations are available 
that support these concerns. However, we have to be aware that up 
to now far less than 1% of the human cDNA pool and a necessarily 
minute fraction of all artificial sequences possible have been 
introduced into gene therapy research. Moreover, gene delivery 
systems have and will continue to become increasingly potent, also 
allowing the simultaneous transfer of 2 or more cDNAs with a 
single vector. 

To support these considerations, 4 examples may be sufficient. 
Of the 4, 3 deal with the use of selectable marker genes, a key 
technology in hematopoietic gene therapy. These examples provide 
evidence for dose-dependent toxicity (HOXB4), an as yet uncertain 
contribution to a severe side effect (MDRl), and evidence for 
context-dependent side effects (dLNGFR). These and a final 
example (CD40L) highlight the importance of developing vectors 
for spatially or temporally controlled expression of transgenes. 

Ectopic expression of HOXB4: dose-dependent side effects? 

Retroviral vector-mediated expression of HOXB4, encoding a 
homeodomain transcription factor involved in the regulation of 



hematopoietic pool size, has been shown to promote polyclonal and 
regulated expansion of engineered HSCs. 51 ' 125 In contrast to many 
other homeobox genes, ectopic expression of HOXB4 in hematopoi- 
etic cells did not lead to overt alterations of differentiation or 
uncontrolled expansion of gene-modified cells in mice. 126 The 
interest in HOXB4 gene transfer for cell therapy has been rein- 
forced by the finding that murine embryonic stem (ES) cell 
derived hematopoiesis can be partially converted to repopulation 
competence in adult hosts upon transient or stable activation of 
HOXB4 expression. 127 

In human HSCs transplanted into immunodeficient mice, ec- 
topic expression of HOXB4 promoted the expansion of primitive 
hematopoietic cells. 128129 However, high levels of HOXB4 ex- 
pressed from "stronger" vectors impeded myeloid and lymphoid 
differentiation of human hematopoietic cells. 129 In line with these 
data, impaired repopulation of lymphatic tissues was observed in a 
study using //OA'jW-engineered hematopoietic cells derived from a 
somatic cloning procedure. 130 These studies taken together argue 
that the effects of HOXB4 are highly dependent on the dose and the 
kinetics of its ectopic expression. Importantly, activation of HOXB4- 
interacting partners such as PBX1 (possibly by insertional mutagen- 
esis) may be sufficient to promote transformation of HSCs with 
constitutive ectopic expression of HOXB4. m Thus, a potential 
therapeutic use of HOXB4 may require an exact definition of a 
therapeutic window and may depend on the ability of 
regulated expression. 

Murine leukemia following MDR1 gene transfer: 
phenotoxicity, genotoxicity, or both? 

Adenosine triphosphate binding cassette (ABC) transporter pumps 
encoded by multidrug resistance 1 (MDR1) or ABCG2 are naturally 
expressed in primitive hematopoietic cells, explaining their inher- 
ent competence for extruding some fluorescent dyes and other 
amphophilic compounds. 13211 - Increasing expression levels of such 
pumps may promote a survival advantage in the presence of high 
doses of some chemotherapeutic agents, 134 - 135 and independently 
antagonize some proapoptic signals, as shown for MDRJ . 1M - 13 *> 13 ' 
Interestingly, ectopic expression of ABCG2 was associated with 
impaired differentiation of myeloid cells in mice, 138 It is yet unclear 
to what extent this effect is dose related. The results with MDRl 
have been controversial. Numerous studies, including a transgenic 
mouse model, have shown the ability to overexpress MDRl in 
hematopoietic cells without overt alterations of cell functions 
(other than the acquired drug-resistance phenotype). 85 ' 134 - 135 ' 139 ' 140 
Applications in dogs, 141 nonhuman primates, 110 and clinical tri- 
als 45 ' 46142 have been safe, with occasional evidence for in- 
creased pump activity, although gene transfer efficiency was likely 
very low. 

However, myeloproliferative disorders have also been observed 
in different strains of mice using retroviral vector-mediated 
transfer of MDRl into hematopoietic cells, 62109 and disease 
induction was promoted by prolonged expansion of cells in vitro 
prior to transplantation. 62 Interestingly, this disease was associated 
not only with ectopic expression of MDRl, but also with an 
unusually high transgene copy number (in many cases exceeding 
10 copies per clone, which is quite unusual even in mouse studies). 
Therefore, the most straightforward explanation is that excess 
MDRl expression in this study may have been pathogenic. Besides, 
sequences other than MDRl could have been expressed from 
insertion of intact or rearranged vectors. This aspect needs to be 
clarified, as the genetic integrity of the inserted transgenes has not 
been investigated, and the disease was so far observed only with a 
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marker genes and corresponding drugs 



dLNGFR 
MGMT 
DHFR 



In vitro and in vivo 



Drug/agent category 
Monoclonal antibody 
Cytotoxic agent 

Cytotoxic agent 



Temozolomide, BCNU 
MTX 

Paclitaxel, etoposide 

AP1903 

Estrogens 



This table does not provide a 



specific vector backbone (based on a first generation vector derived 
from Harvey murine sarcoma virus containing, in addition to an 
engineered "splice corrected" cDNA, considerable amounts of 
viral gene remnants that are not required for proper vector 
function). 62109 Moreover, it has not been reported whether the 
otherwise well-designed control vectors used had a similar high 
copy number in the producer and target cells. 62 ' 10 '' Thus, it remains 
formally unclear whether the disease was dependent on side effects 
of very high MDRl expression (driven from multiple transgenic 
alleles in the mouse model); 137 the expression of vector sequences 
other than MDRl (potentially driven from rearranged vectors); or 
an increased risk for insertional mutagenesis or genomic instability 
under conditions of high copy numbers per genome. It is also quite 
possible that some or all of these factors acted together to produce 
the myeloproliferation. 

Another open question is whether MDRl overexpression may 
promote engraftment of gene-modified HSCs, 45 although MDR1 
expression alone would not be sufficient to overcome a culture- 
dependent loss of engraftment capacity. 143 Taken collectively, these 
data indicate that defining a therapeutic window for ectopic 
expression of MDRl or other efflux pumps in hematopoietic cells 
may be difficult. If future research will not facilitate the definition 
of safe conditions of transgenic MDRl expression, alternative 
metabolic selection markers may be more promising (Table 2 and 
references therein). 

Context-dependent toxicity of a cell-surface marker; dLNGFR 

The cytoplasmically deleted low-affinity nerve growth factor 
receptor (dLNGFR, also abbreviated MNGFR, LNGFR, tNGFR, or 
NGFR) was derived from p75 neurotrophin receptor (p75NTR) to 
develop a clinically applicable cell-surface marker for hematopoi- 
etic cells. 144 Although dLNGFR has been used by several laborato- 
ries to tag gene-modified cells, 145 few data have been published 
regarding the ability for long-term marking (> 1 year) of HSCs and 
their progeny. 146 A nonhuman primate study reported a failure to 
mark long-term repopulating HSCs with dLNGFR, however with- 
out investigating potential mechanisms. 147 On the other hand, use 
of dLNGFR in clinical trials with gene-modified T cells has been 
shown feasible and safe. 148 ' 14 '' However, a recent mouse experi- 
ment 20 in conjunction with an earlier study in fibroblasts 1 ^ olTered 
the hypothesis that dLNGFR expression in myeloid cells may 
promote their transformation in an unusual, highly context- 
dependent manner. It is this proposed context dependence that 
renders the discussion of this issue interesting. 

p75NTR is a member of the tumor necrosis factor (TNF) 
receptor superfamily that can bind all known neurotrophins (NTs) 
including nerve growth factor (NGF). 157 p75NTR is usually not 
expressed in hematopoietic cells, with the exception of some B-eell 



subsets. 158 The cytoplasmic domain of p75NTR contains a proapo- 
ptotic juxtamembrane region and a death domain. 157 These se- 
quences weTe deleted in dLNGFR before their precise function was 
known in an attempt to create an inert surface marker. 144 The 
deletion may weaken the anchoring in the cell membrane, and 
therefore the shedding of dLNGFR, 145 which is still able to bind 
NTs in vivo, 15 " may affect the local extracellular cytokine milieu. 
Moreover, deletion of the intracellular domain renders dLNGFR 
structurally similar to naturally occurring antiapoptotic decoy 
receptors of the TNF-receptor family, which can act as dominant- 
negative inhibitors of proapoptotic intracellular pathways. 160 

In cells expressing TrkA, TrkB, or TrkC, which encode tyrosine 
kinase receptors for different NTs, association of p75NTR creates a 
heterodimeric receptor complex with increased ligand affinity that 
is not dependent on the presence of (he cytoplasmic residues. 1 -" It is 
note o thy l co pressioi ifcith r nt >fth( ' A teceptors with 
a p75NTR mutant that lacked most of the intracellular domain, a 
construct basically identical with dLNGFR, resulted in transforma- 
tion of fibroblasts when NTs were added to the culture. 156 This 
growth-promoting role dLNGFR is clearly dependent on the 
coexpression of a Trk gene and the presence of NTs (Figure 4). The 
same configuration occurred in the murine monocytic leukemia 
originating in association with retroviral insertional up-regulation 
of Evil in hematopoietic cells, which provides circumstantial 
evidence but no formal proof of a contributing role of dLNGFR. 10 

Evil encodes a Zinc-finger transcription factor that has been 
implicated in the pathogenesis of human myelodysplastic syn- 
dromes and acute myeloid leukemia (AML). Ectopic expression of 
Evil impairs granulocytic differentiation, but leads to only mild 
alterations of hematopoiesis in transgenic mouse models. 161 We 
proposed a specific interaction of dLNGFR and Evil in the 
induction of the leukemic clone, possibly reflecting a bias for a 
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side effects elicited by dLNGFR. 

Situation A represents a physiologic situation that can be observed in neuronal and 
some other cell types. 157 Situation B was shown to promote the transformation of 
; represents the ideal context for cell marking." 4 
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lineage (ie, monocytic) in which TrkA expression and NGF 
signaling were also present and functionally relevant. 20158 

If this hypothesis can be confirmed, it would represent an 
example for cooperation of random insertional mutagenesis (geno- 
toxicity) and transgene-related side effects (phenotoxicity) in the 
induction of leukemia. Alteniatively or in addition, Evil may have 
induced expression of TrkA,^ 2 and the interaction with dLNGFR 
may have promoted the transformation of a monocytic precursor. 
Also, a protein related to Evil has been shown to play a role in 
Trk-signaling of C elegans, 163 opening further possibilities for 
transforming loops. 

The potential risk associated with the use of dLNGFR in HSCs 
is underlined by observations that signals generated through on- 
cogenic versions of Trk receptors may contribute to the pathogen- 
esis of human A ML, 164 - 166 Therefore, dLNGFR does not appear to 
be a perfect choice for the manipulation of cells with a broad 
plasticity such as HSCs, However, as side effects of dLNGFR are 
proposed to be context dependent, its use in restricted cell lineages 
lacking cooperating signal transducers can be justified (consider- 
ing Paracelsus' second rule). Interestingly, variants of dLNGFR 
have been developed that are deficient in ligand binding" 17 in order 
to reduce the probability of side effects. Similar concerns of 
context-dependent side effects and potential for cooperation with 
randomly activated oncogenes apply to many other therapeutic or 
marker genes. 

Problems resulting from unregulated expression: CD40L 

Finally, the mode of transgene expression is an important determi- 
nant of potential toxicity. This has been exemplified in an attempt 
to develop gene therapy for inherited deficiency of the CD40 ligand 
(X-linked hyper-lgM syndrome). Ectopic constitutive, but not 
naturally regulated, expression of CD40L, although at low level, 
produced abnormal proliferative responses in developing murine T 
lymphocytes, apparently through dysregulated intercellular interac- 
tions during thymic maturation and selection. 168 For many applica- 
tions of hematopoietic gene therapy it is worth repeating the 
conclusion of this study: "Current methods of gene therapy may 
prove inappropriate for disorders involving highly regulated genes 
in essential positions in proliferative cascades," 168 

These 4 examples should be sufficient to underline the impor- 
tance of a systematic risk assessment of the transgenes under 
consideration. Special attention should be paid to molecules that 
are involved in cellular signaling networks, such as those required 
for correction of some inherited disorders 3 - 1 or those generated 
as surface tags 120 ' 123 - 144 or artificially inducible proteins that 
promote cellular proliferation or differentiation decisions. 153 ' 155 We 
would propose that such transgenes should be tested under 
conditions of high, intermediate, and low constitutive expres- 
sion, 129 preferentially achieved with vector design and not with 
variation of transgene dosage. Preclinical assay systems available 
for such work range from cell-culture- -based model systems to 
animal studies and functional genomics or proteomics (Figure 5). 



Risks related to conditioning, use of selective 
drugs, and cell amplification 

Following genetic modification of HSCs in vitro, their engraftment 
and contribution to hematopoiesis in vivo are dependent upon the 
methods used For conditioning or selective amplification. Condition- 
ing eliminates host cells prior to infusion of gene-modified cells. 




Figure S. Schematic overview of potential interactions between genotoxicity 
(alteration of cellular genes by vector Insertion) and phenotoxicity (side effects 
of transgene expression), and experimental approaches allowing their detec- 
tion. Interaction may either occur in cis (on the same DNA molecule) or in trans 
(through mobile factors) 



Irradiation or cytotoxic agents induce a moderate to severe 
(myeloablative) lymphohematotoxicity. However, these regimens 
can be complicated by severe long-term toxicity. Nonmyeloabla- 
tive regimens with sublethal toxicity have become increasingly 
well investigated 1711 and begin to show great promise for HSC- 
mediated gene therapy. 4 ' 171 In animal models, high doses of donor 
cells 32 and application of G-CSF to the recipient before nonmyelo- 
ablative conditioning 172 have been shown to promote engraftment. 
However, it is unclear whether chimerism will be maintained in a 
stable manner in the long term when nonmyeloablative protocols 
are performed in an autologous clinical setting. Here, donor- 
dependent immune functions have no facilitating role to promote 
engraftment of the transplant; tolerance may be incomplete and 
engineered cells usually do not have a spontaneous selective 
advantage. An alternative, potentially more specific and thus less 
toxic approach to conditioning is the use of monoclonal antibodies 
directed against stem cell antigens or more common leukocyte 
antigens. 173 Although it is likely that side effects associated with 
conditioning regimens will be reduced significantly in the near 
future, this issue will continue to be an important aspect of the 
risk-benefit evaluation for stem cell -based gene therapy. 

Importantly, several diseases could be successfully treated with 
a moderate rate of chimerism (5%-30%). A selective survival 
advantage of engineered HSCs can be promoted upon transfer and 
expression of appropriate selectable marker genes. Table 2 summa- 
rizes 3 different categories of such genes that have a well- 
documented efficiency in animal models. Potential side effects 
resulting from the expression of selectable marker genes have been 
reviewed above ("Risks related to transgene expression"). 

For most of these selectable marker genes, drugs are required to 
trigger their function. Therefore, side effects associated with these 
drugs represent another important aspect of the preclinical and 
clinical evaluation. Some of these agents have a well-documented 
toxicity profile in humans; others represent experimental agents 
with limited clinical experience. In this context, it is interesting to 
note that the most powerful selection system currently available for 
gene-modified hematopoietic cells requires the use of DNA- 
damaging agents. 137 ' 15 "' 152 Although potentially less toxic alterna- 
tives for selective amplification of gene-modified cells have been 
proposed,' 53 " 155 expansion of hematopoietic cells promoted by 
these gene functions may be incomplete, lineage restricted, and 
unstable, suggesting preferential action at the level of progenitor 
cells as opposed to HSCs. This implies a need for repetitive use of 
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the corresponding drugs over prolonged periods of time, or 
induction of a distorted hematopoiesis with unclear long-term 
consequences. 

Clonal amplification of transgenic cells is another important 
variable. 7 The risk for accumulating mutations that are not 
related to gene transfer increases with the life span and the 
number of generations of the engineered cell. In most conditions 
of human bone marrow transplantation, the size of the graft's 
stem cell dose implies a modest pressure for expansion and a 
high likelihood for polyclonal reconstitution. This is underlined 
by results from nonhuman primate studies of gene-marking."' " 1 
With the advent of genetic selection strategies, a risk related to 
forced expansion of individual clones may become more 
relevant. On the other hand, single clones of transduced HSCs 
may provide a perfectly normal hematopoiesis with persistence 
of transgene expression in all hematopoietic lineages, at least in 
m j ce I20.U3 f^jg SU pports the idea that clones with favorable 
insertion sites and "neutral" transgenes are not necessarily at 
increased risk for transformation, even when undergoing mas- 
sive expansion. The minimal number of HSCs that stably 
support primate hematopoiesis remains to be defined. 



Risks related to immune surveillance 

A further category of side effects is related to innate or acquired 
immunity against vector components or immune surveillance of 
engineered cells. A recent review proposed that certain gene 
transfer procedures may set "danger" signals that result in an 
increased likelihood of an immune reaction. 174 However, severe 
inflammatory reactions elicited by viral proteins in the vector 
preparation, as observed with early generations of adenoviral 
vectors administered in vivo, 17 ' 1 are unlikely following a single 
administration of ex vivo-manipulated hematopoietic cells. In 
principle, a transient exposure to antigens may be caused by 
remnants of vector particles or culture media components on 
infused cells even if the transgene does not encode viral anti- 
gens. 176 This risk appears small with conventional retroviral 
transduction protocols in which cells are cultured for at least a day 
following the final exposure to vector particles. However, with the 
use of adenovirus' 77 or lentivirus vectors' 71 * the time in culture after 
the final round of vector exposure may be shortened, which could 
increase the probability of contamination with viral antigens. 

Repetitive infusion of engineered cells may be complicated by 
sensitization to antigens originating from components of culture 
media, vector particles, or transgene expression, potentially result- 
ing in clearance of transgenic cells' 7 ' or even severe acute adverse 
reactions. This potential problem could be solved by appropriate 
preparation of cells and recipient prior to infusion or simply by 
single use of engineered cells (given that the vector system does not 
generate antigens to which pre-existing immunity exists). Also, 
sensitization could be diagnosed prior to repeated infusion of cells. 

Moreover, it will be interesting to determine whether some 
clinical settings, such as those resulting from repeated infections, 
may trigger cellular or humoral innate immune functions to clear 
incoming gene-modified cells or create an unfavorable cytokine 
milieu. If so, a transient blockade of these mechanisms, as 
proposed in the context of preclinical adenoviral gene therapy,™ 
may improve the "take" of gene-modified cells. 

Immune responses mounted against transgene antigens may 
develop with some latency. This concern is of particular relevance 
when introducing artificial or xenogenic sequences (as in the use of 



some selectable marker genes) and when correcting inherited 
genetic disorders in so-called CRIM (cross-reactive immunologic 
material (-negative patients. Although bone marrow transplantation 
may promote tolerance to multiple or individual antigens, 18 '- 183 this 
does not necessarily occur following nonmyeloablative condition- 
ing regimens. Immune-mediated rejection of transgenic cells 
expressing the xenogenic marker enhanced green fluorescent 
protein occurred in a study with nonhuman primates. 184 Disturb- 
ingly, one affected animal developed hemolytic anemia after 
rejecting the transgenic cells. 184 Further investigations are needed 
to determine whether autoimmunity can be induced as a side effect 
of sensitization against transgenic cells. For more advanced 
applications of gene therapy as well as for allogeneic transplanta- 
tion, tolerance induction is a key issue of future research. 



Combination and interactions of risk factors 

After listing this collection of potential problems, it is important to 
mention that combinatorial side effects of transgene insertion 
(genotoxicity), transgene expression (phenotoxicity), and cell ex- 
pansion (selection toxicity) may be required to produce malignant 
transformation. Monocytic leukemia observed after dLNGFR mark- 
ing in mice and serial bone marrow transplantation may serve as a 
paradigm. 20 It is possible that at least some clones observed in the 
C/WOL-induced lymphoprolifcration"'- or in the A/Dff /-associated 
myeloproliferative disease"' 10 ''' had a similar history involving 
insertional mutagenesis in addition to transgene side effects and/or 
forced cell expansion. Insertional activation (in cis) of an oncogene 
or an otherwise "innocent" transcription factor may change the 
cellular program ( in trans), which in turn may cooperate with the 
transgene product to induce an undesired phenolype (Figure 5). 
Such program alterations may also influence expression levels of 
the transgene, jointly acting to promote the initial survival of a 
premalignant clone. 

Similar considerations apply for the serious adverse event 
recently observed in a clinical gene therapy trial. 21 '" Ten children 
wkh X-linked severe combined immunodeficiency (X-SCID) were 
successfully treated by retroviral transfer of the interleukin 2 
receptor common 7-chain into CD34* cells and reinfusion ofcells 
without conditioning. This transgene was required to correct the 
underlying genetic deficiency and provides (in X-SCID patients 
with this deficiency) a powerful selective advantage during T-cell 
maturation. 3 The initial outcome of gene therapy was better than 
that typically achieved with allogeneic bone marrow transplanta- 
tion. 3 At 3 years after cell infusion, one patient presented with 
clinical signs of an acute lymphoblastic leukemia (ALL) caused by 
a monoclonal proliferation of 78 T cells. The clone had one 
insertion of an intact vector copy that occurred in one LM02 allele 
(readily identified by LAM-PCR) 2 '- 36 inducing ectopic expression 
of this proto-oncogene. LM02 is known to be involved in the 
pathogenesis of ALL, but probably not sufficient to cause malig- 
nancy (for which 4 to 6 independent genetic "hits" seem to be 
required). J ' J2 ' l0S ' 185 Although no evidence for aberrant signaling 
through the transgenic common 7-chain has been reported, its 
physiologic function obviously was sufficient to promote a strong 
expansion of the clone. Although no detailed analysis is available at 
this point, it can be postulated that additional genetic hits could 
have subsequently promoted malignant progression: the malignant 
clone (expressing a mature T-cell phenotype) was more mature 
than the initially transduced cell population (which must have 
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Figure 6. Not every insertlonal oncogene activation is expected to result in 
clinical manifestation of malignancy (hypothetical curve). Transformalion- 
promoting events are symbolized by flashes; the one marked with i represents 
insertional mutagenesis; the one labeled t indicates iransgene side effects; ul and u2 
indicate subsequent unrelated hits. Clone size, time course, and the probability of 
extinction represent arbitrary values. 

lacked T cells), and a severe varizella zoster virus infection was 
reported to have coincided with first clinical symptoms of hemato- 
logic abnormalities. Moreover, a cytogenetic abnormality was 
observed that did not involve the insertion site. Another level of 
concern was a genetic background of childhood cancer, 21 - 32 

Given that an unfavorable concert of oncogenic factors is 
required for tumor manifestation (as in the model presented in 
Figure 6), such a serious adverse event is not expected to be found 
in any clinical scenario for retroviral gene therapy, nor can we 
predict its frequency in gene therapy for X-SC'ID patients. Besides 
the specific clinical setting and features of the iransgene (cDNA 
and regulatory regions), target cell features represent an important 
variable. These determine the overall susceptibility to gene trans- 
fer, which loci are open for transgene insertion, and how many of 
these may contribute to malignant transformation. 1 "' Further points 
to consider include the number of cell generations following gene 
transfer, 1 " 3 the expansion conditions that may sometimes suppress 
balancing proapoptotic signals, the exposure to mutagenic hazards 
that are independent of the genetic manipulation, and the endoge- 
nous capacity for DNA repair and proliferation control. Finally, 
systemic responses to transformed cell clones add another level of 
complexity (Table 3). 

Bearing this in mind, we need to consider appropriate preclini- 
cal models, including animal experiments, in order to derive clear 
statistics indicating the importance of individual risk factors and 
the probability of their combinations. For scientific, economical, 
and ethical reasons, studies will often rely on work with cell lines and 
laboratory mice. In this respect, it is important to discuss features of the 
mouse model that distinguish it from human hematopoiesis. 



The mouse model compared with 
human hematopoiesis 

The outstanding role of the laboratory mouse for modeling human 
development and disease has received further support by the recent 
findings of the mouse genome project." 1 '' Nevertheless, the differ- 
ences between the hematopoietic systems of mice and humans 
must be carefully evaluated to diagnose with certainty reactive and 
neoplastic blood cell disorders and to improve the predictive value 
of the animal model. 

Even in humans, the classification of preleukemic states such as the 
myelodysplastic syndromes is still controversial. 1 87 Very recently, preleu- 
kemia and its progression to leukemia have been classified in mice, 188 ' 185 
in analogy to the French-American-British (FAB) scheme developed for 
human leukemia. 1 '" 1 Murine leukemias may be experimentally induced 
with specific genetic alterations." 1 Examples for preleukemic alter- 
ations are ectopic expression of BCR-ABL, m N-RAS, m BCL2, m or 
Ev/7, 161 and the /CSfiP-knock-out mouse." 5 The latency period be- 
tween leukemia induction by application of x-rays and/or inoculation of 
MLVs and leukemia manifestation could be regarded as a preleuke- 
mic condition, 

The susceptibility of mice to develop leukemia varies according 
to strain and its contamination with MLVs. Unless a genetic 
predisposition is involved (such as endogenous RCRs), spontane- 
ous leukemia occurs only sporadically in older animals. It can be 
induced with high incidence by irradiation and inoculation of 
newborn or immunodeficient animals with MLVs. RCRs transform 
cells by insertional mutagenesis, which has been useful in the 
identification of tumor-associated genes. 82,91 .w*-'<*."M w ]n some 
cases acute leukemia can be induced following a rapid polyclonal 
expansion of progenitor cells when a mouse is infected with a 
retrovirus complex thai cotransfcrs a replication-defective retrovi- 
rus encoding an oncogene. 82 " 

The mouse has a significantly higher daily hematopoietic cell 
turnover (especially of red blood cells and platelets) compared with 
humans. Accordingly, the complete bone cavities are used for 
hematopoiesis, and there arc very few or no fat cells inter- 
spersed. 198 m Reactive or malignant increases of hematopoietic 
tissue rapidly lead to extramedtillary hematopoiesis, typically 
starting in the spleen. 2110 " 202 Thus, splenomegaly with expansion of 
red pulp caused by leukemic infiltrations (> 20% blasts) and 
regression of the white pulp (periarteriolar lymphatic sheath and 
lymph follicles) are characteristic and early findings in murine 
leukemia. 188,19 ' In advanced disease, normal architecture of spleen 
is totally abolished and widely replaced by masses of blasts. Liver 



Table 3. How cell type may determine the risk of insertional mutagenesis 

Level Before insertion After insertion 

Genome Number of pre-existing mutations Potential for secondary mutations 

Number and size of activated, potentially disruptible Proliferation capacity/propensity 
"dangerous" loci susceptible to transgene insertion 

Cell-transgene interactions, direct Host factors participating in preintegration complex Recognition of transgene regulatory elements a 

expression level of transgene 

Cell-cycle status Type and number of mechanisms supporting 



Cellular response, indirect Response balance to "danger" signals 

Potential for escape 



Level of differentiation 
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involvement in AMI, is characterized by leukemic infiltrates in peripor- 
tal areas. Therefore, unlike human leukemia, bone marrow is only 
variably, and spleen is constantly, involved in murine leukemia. 2 " 11 

The mouse model may not be fully predictive for human leukemia 
development when considering differences in HSC turnover. Leukemia 
development often involves genetic alterations of true HSCs. 5 How ever, 
it is unclear whether this also applies to oncogenesis related to retroviral 
manipulations. The pool size of murine HSCs is tightly regulated, 
although with considerable genetic and age-dependent, variability. 2 " 3 
Abkowitz et al postulate a similar size of the HSC pool in mice and cats 
(approximately 12 000 per animal), and possibly also in humans." The 
study also suggests a conservation of the replicative activity per 
lifetime between murine and human HSCs. 27 Thus, mice would 
present with a higher density and shortened cycling times of HSCs 
within the bone marrow, 

However, if the burden of insertional mutagenesis also involves less 
primitive progenitor and precursor cells, typical mouse experiments 
performed with a relatively small total number of hematopoietic cells 
would underestimate the risk (about 10'' transplanted per mouse, 
compared with at least 10 s cells in a clinical trial). Moreover, the life 
span of this animal is short (2 years), and for practical reasons, 
observation periods rarely exceed 6 to 12 months, further reducing the 
chance to detect slowly developing dysplasias. Bone marrow transplan- 
tation and inappropriate cell culture strongly reduce the pool size of 
HSCs. 5 ' Serial bone marrow transplantations generate monoclonal or 
oligoclonal hematopoiesis in mice, suggesting an enormous pressure for 
massive amplify i 1 im i l 1 1 :>< Such a forced 

expansion may promote the manifestation of dysplastic or overt 
leukemic clones. 7 - 206 ' 207 Thus, although the mouse model suffers from a 
poor sensitivity to detect rare mutagenic events related to integrating, 
nonreplicating vectors, in case such events do occur, experimental 
conditions can be adjusted to promote their manifestation. 

It has been demonstrated that rodent cells can be more easily 
transformed than human cells, and several functional differences of 
signaling pathways involved in human and rodent models of transforma- 
tion have been identified, 108 One has been linked to a stronger activity of 
the telomerase function in mature rodent cells. Thus, only 2 to 3 hits are 
typically required for transformation of a rodent cell: 1 that dysregulates 
apoptosis and 1 or 2 further hits that alter cell-cycle control and provide 
proliferative stimuli. In humans, yet another event promoting telomerase 
activity is required for malignant transformation of mature epithelial and 
fibroblastic cells, but it is still unclear whether this would be needed to 
transform a human HSC. 5 - 10 * If so, human cells would be more resistant 
to transformation by random vector insertions and transgene side elfccts. 

Summarizing these considerations, it appears justifiable to 
develop mouse models in which the sensitivity for detecting side 
effects related to genetic manipulations is increased by the choice 
of the experimental conditions, such as in vitro expansion"; 
hemolysis 202 or bleeding 20 *; serial bone marrow transplantation 20 207 ; 
or introduction of a proto-oncogenic genetic lesion."' 11 " -195 Also, 
"humanization" of the mouse genome may be helpful to obtain 
models of increased predictive value. 11 ' 8186 Currently available 
"large"-animal models would be even more relevant for human 
gene therapy, but obviously do not allow broader genotoxicity 
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screening. 64 Moreover, tumor manifestations usually take many 
years in nonhuman primates. It may be better to design oversensi- 
tive mouse models as a "worst case" scenario, thereby generating 
clear statistics that reflect the impact of defined risk factors. 



Conclusions 

Successfully exploiting the enormous potential of gene therapy 
targeting hematopoietic cells requires an open eye for side effects. 
Proof of principle in animal models may be spectacular, but is not 
all that is relevant for developing safe clinical applications. As with 
the use of drugs or irradiation, dose finding is a required next step. 
One realistic option to improve safety without loss of efficiency is 
to translate better procedures for stem cell purification into clinical 
use. The resulting reduction in the target cell pool likely represents 
a straightforward way to reduce the risk of insertional mutagenesis. 
The associated long-term goal is to reconstitute hematopoiesis with 
just a few clones of genetically characterized transgenic stem cells. 
Beyond the issue of target cells, dose finding takes into account the 
interaction of multiple features in vectors, transgenes, and clinical 
scenarios, which can be reflected in the design of preclinical 
models. Improved vector design may result in greater target site 
specificity of insertion and a transgene composition that has a 
reduced risk of activating cellular genes. Another important goal is 
to derive a risk classification of transgenes and clinical scenarios, 
considering all conditions potentially contributing lo side effects. 
This may help to avoid premature generalization of side effects that 
occurred under specific circumstances. A database of vector 
insertion siles and statistics! analyses on the clonal iiy of rcconstitu- 
tion will be key to understanding the dynamics of these processes. 
Results obtained in long-term follow-up, especially, will allow us 
to interpret the impact of the combined action of the transgene and 
the vector insertion site on cell biology, a factor that until now, 
because of lack of accessibility, has not been studied in detail. 

Individual institutions may provide significant contributions, but a 
combined international effort will probably be needed to accumulate the 
amount of data required. Revisions of the existing regulatory guidelines 
may be helpful only if they promote reasonable standards of comparison 
and agreements on basic experimental approaches in preclinical re- 
search. We propose to consider the collaborative development of 
preclinical proto-oncogenic worst case models as one basis for dose 
finding. Thus, developing tools for the best feasible genetic treatment 
will profit from a dialectic approach that anticipates adverse events by 
active, hypothesis-driven investigation. While doing so, we need to 
continue with many of the current clinical trials on the basis of the risk 
evaluation at hand. It should not be forgotten that for a number of 
patients, after carefully weighing risks and benefits, the worst case 
scenario of gene therapy may be to not receive it. 
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In the article by Lin et al entitled "The death-promoting activity of p53 can be 
inhibited by distinct signaling pathways," which appeared in the December 1 , 
2002, issue of Blood (Volume 100:3990-4000), Figure 4C's image lacked 2 
unfilled histograms. The correct image for panel 4C appears below. 
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Current Opinion in Hematology. 14(4):337-342, July 2007. 
Baum, Christopher a, b 

Abstract: 

Purpose of review: Recent preclinical and clinical studies revealed that the 
semirandom insertion of transgenes into chromosomal DNA of hematopoietic cells 
may induce clonal competition, which potentially may even trigger leukemia or 
sarcoma. Insertional mutagenesis caused by gene vectors has thus led to major 
uncertainty among those developing advanced hematopoietic cell therapies. This 
review summarizes novel studies of underlying mechanisms; these studies have 
demonstrated the possibility of improved gene vector biosafety and generated 
new insights into stem cell biology. 



Recent findings: The characteristic insertion pattern of various retroviral gene 
vector systems may be explained by properties of the viral integrase and 
associated cellular cofactors. Cell culture assays and animal models, including 
disease-specific and cancer-prone mouse models, are emerging that reveal the 
contributions of vector features and systemic factors to induction of clonal 
imbalance. Databases summarizing vector insertion sites in dominant 
hematopoietic clones are evolving as new tools to identify genes that regulate 
clonal homeostasis. 



Summary: Mechanistic studies of insertional mutagenesis by random gene vector 
insertion will lead to improved tools for advanced hematopoietic cell therapy. 
Simultaneously, fascinating insights into gene networks that regulate cell fitness 
will be generated, with important consequences for the fields of hematology, 
oncology and regenerative medicine. 
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